a2 United States Patent

Scott et al.

US009484879B2

10) Patent No.: US 9,484,879 B2
45) Date of Patent: Nov. 1, 2016

(54)

(71)

(72)

(73)

")

@
(22)

(65)

(60)

(1)

(52)

NONLINEAR CAPACITANCE
LINEARIZATION

Applicant: RF Micro Devices, Inc., Greensboro,
NC (US)

Inventors: Baker Scott, San Jose, CA (US);
George Maxim, Saratoga, CA (US);
Dirk Robert Walter Leipold, San Jose,
CA (US); Christian Rye Iversen,
Vestbjerg (DK); Eric K. Bolton,
Kernersville, NC (US); Daniel Charles
Kerr, Oak Ridge, NC (US)

Assignee: Qorvo US, Inc., Greensboro, NC (US)

Notice: Subject to any disclaimer, the term of this
patent is extended or adjusted under 35
U.S.C. 154(b) by 34 days.

Appl. No.: 14/298,872
Filed: Jun. 6, 2014

Prior Publication Data

US 2014/0361839 Al Dec. 11, 2014

Related U.S. Application Data

Provisional application No. 61/831,666, filed on Jun.
6, 2013, provisional application No. 61/860,932, filed
on Aug. 1, 2013, provisional application No.
61/909,028, filed on Nov. 26, 2013, provisional

(Continued)
Int. CL.
HO3F 3/193 (2006.01)
HO3F 1/56 (2006.01)
(Continued)
U.S. CL
CPC ............ HO3H 7/0115 (2013.01); HO3F 1/565

(2013.01); HO3F 3/193 (2013.01); HO3F
3/245 (2013.01); HO3F 3/68 (2013.01); HO3F

3/72 (2013.01); HO3H 7/09 (2013.01); HO3H
7/1775 (2013.01); HO3H 7/46 (2013.01);
H04B 1/1027 (2013.01); H04B 1/18
(2013.01); HO3F 2200/111 (2013.01); HO3F
2200/267 (2013.01);

(Continued)

(58) Field of Classification Search
USPC .o 330/306, 285, 296, 277, 292
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

5,661,414 A 8/1997 Shigehara et al.
5,689,144 A 11/1997 Williams

(Continued)

FOREIGN PATENT DOCUMENTS

EP 1184977 A2 3/2002
WO 0146971 Al 6/2001
WO 2005117255 A1 12/2005

OTHER PUBLICATIONS

Hoppenjans, Eric E. et al., “A Vertically Integrated Tunable UHF
Filter,” International Microwave Symposium Digest (MTT), May
23-28, 2010, Anaheim, California, IEEE, pp. 1380-1383.

(Continued)

Primary Examiner — Hieu Nguyen

(74) Attorney, Agent, or Firm — Withrow & Terranova,
PL.L.C.

(57) ABSTRACT

An apparatus, which includes a first electronic device, a first
nonlinear capacitance compensation circuit, and a capaci-
tance compensation control circuit, is disclosed. The first
electronic device has a first nonlinear capacitance and is
coupled to the first nonlinear capacitance compensation
circuit, which has a first compensation capacitance and
receives a first compensation control signal. The capacitance
compensation control circuit adjusts the first compensation
capacitance using the first compensation control signal to at
least partially linearize the first nonlinear capacitance.

21 Claims, 72 Drawing Sheets

881

I

i
i
/ NONLINEAR COMPENSATION

FIRST CAPACITANCE
FIRST CAPACITANCE CONTROL
ELECTRONIC COMPENSATION CIRCUIT
DEVICE CIRCUIT sC1
el

FIRST
REPLICA
CIRCUIT

712

FIRST
SENSOR
710

SR1

SN1

SIN




US 9,484,879 B2
Page 2

(1)

(52)

(56)

Related U.S. Application Data

application No. 61/949,581, filed on Mar. 7, 2014,
provisional application No. 61/951,844, filed on Mar.
12, 2014, provisional application No. 61/982,946,
filed on Apr. 23, 2014, provisional application No.
61/982,952, filed on Apr. 23, 2014, provisional ap-
plication No. 61/982.,971, filed on Apr. 23, 2014,
provisional application No. 61/938,884, filed on Feb.
12, 2014, provisional application No. 62/008,192,
filed on Jun. 5, 2014.

Int. CL.

HO3H 701 (2006.01)
HO3H 7/46 (2006.01)
H04B 1710 (2006.01)
HO3F 3/24 (2006.01)
HO3F 3/68 (2006.01)
HO3F 3/72 (2006.01)
H04B 1/18 (2006.01)
HO3H 7/09 (2006.01)
U.S. CL

CPC . HO3F2200/451 (2013.01); HO3F 2203/7209
(2013.01); HO3H 2210/012 (2013.01); HO3H
2210/025 (2013.01); HO3H 2210/04 (2013.01)

References Cited
U.S. PATENT DOCUMENTS

11/1998 Wenzel et al.
3/1999 Gitlin et al.

5,841,330 A
5,880,620 A

5,896,073 A 4/1999 Miyazaki et al.
6,529,750 Bl 3/2003 Zhang et al.
8,787,850 B2* 7/2014 Bockelman ............. HO3F 1/086
330/292
2002/0057139 Al 5/2002 Matsumura et al.
2003/0008577 Al 1/2003 Quigley et al.
2005/0195063 Al 9/2005 Mattson
2006/0220727 Al  10/2006 Yen
2011/0163824 Al 7/2011 Kawano
2012/0081192 Al 4/2012 Hanaoka

OTHER PUBLICATIONS

Joshi, H. et al., “Tunable high Q narrow-band triplexer,” IEEE
MTT-S International Microwave Symposium Digest, Jun. 7-12,
2009, Boston, MA, IEEE, pp. 1477-1480.

Kamali-Sarvestani, Reza et al., “Fabrication of High Quality Factor
RF-Resonator Using Embedded Inductor and Via Capacitor,”
IECON 2010—36th Annual Conference on IEEE Industrial Elec-
tronics Society, Nov. 7-10, 2010, Glendale, Arizona, IEEE, pp.
2283-2287.

International Search Report and Written Opinion for PCT/US2014/
030431, mailed Jun. 20, 2014, 14 pages.

Non-Final Office Action for U.S. Appl. No. 14/449,594, mailed Oct.
10, 2014, 8 pages.

Invitation to Pay Additional Fees and, Where Applicable, Protest
Fee for PCT/US2014/048608, mailed Oct. 21, 2014, 7 pages.
International Search Report and Written Opinion for PCT/US2014/
048608, mailed Dec. 16, 2014, 18 pages.

* cited by examiner



US 9,484,879 B2

Sheet 1 of 72

Nov. 1, 2016

U.S. Patent

91

Wy Joud — | ‘D4

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

e |
<« AALINDAID _
LINSNVYL 1Y m [INL
"AVaL LSV |
& m
o AALINDNUID m
XLL XdlL AAIADTY A “ AdL
"AVAL LSV m
7SOl |
ISOL % m
8T m
0¢ AALINDAID m
TOIINOD n
AALINDEID _ AL
ONIHDLYIN ANE"LNO¥A 4¥ | |
VNNALNY TYNOLLIAV L m
"AVIL LS |

4!

AYLINDAID
"TOYINOD
INHLSAS 4¥
"TVNOILIAVYL




US 9,484,879 B2

Sheet 2 of 72

Nov. 1, 2016

U.S. Patent

Wy Ioud =7 "DId

I.LAL

m T4

“ < AALINDAID

m ITNSNVIL 4

m "AVYL LS¥ILI

m 144

m »  AALINDAID

$ XLL XdL HAIEDEY 24

" "AVAL LS¥Id

m 03

| ¥EXA1dNa 28

m "AVIL LS¥Ld

| 02

m KALINDAID

“ ONIHDLVIA

m VNNAINY

m "AVYL LSYLI

(O
or—"

r4d.L

¢l

AMLINDHEID
TOYLNOD
WHLSAS 44
TYNOLLIAVIL




US 9,484,879 B2

Sheet 3 of 72

Nov. 1, 2016

U.S. Patent

91

My JoLd — £ "DI4

............................................................................ oyl
o Sy ) S
A¥LINDAEID 'dNa 49 AALINDUDD [
ONTHDLIMS ‘AVAL ;9 LINSNVIL 4¥ | 1 CLAL
VNNILNV ‘avilrDas | |
"aAvidl ‘Dds 9 m
_ dnda 44 m
0% "AVAL ;S “
AALINDAID — 0s m
DNIHOLYIN 4% \ AALINDMD | >
VNNALNV dNa 44 JATEOFY 49 | 1 AL
"avdl -Dds "AVAL ;v » AVIL DS m
i g [ 7T !
AALINDAID dNd 48 AALINDAD ¢
ONIHDLIMS AVIL € || LINSNVALAY | 3 LLAL
VNNHINY 'AVILISYId | !
"QVYL LSUId ¢ < m
[ dNd 39 !
0z ‘AVYIL T “
ANLINDAID — < m
ONIHDLYIN 0¢ N o AALINOWD |
VNNALNV dna 4y dArEDad 49 | ¢ HAAL
"AvYL 1Sl avil 4l » AVMLLISMIA | |
or—~

4!

AALINDAEID
"TOYLNOD
WHLSAS 44
TVYNOLLIAVYL




US 9,484,879 B2

Sheet 4 of 72

Nov. 1, 2016

U.S. Patent

91

-~~~ T T ———————— g ——— mm————————————1q

¥ DId
........................................... 8 |
Pl m
89 " ¥9 m
HLVd H.LTIH 4d 5 AYLINDAD [ 1¥X7T,
ATIYNNL ANODIS m LINSNVIL I |
i TSOd
|e oL _ m [SD4
99 s 9 m
HLVd AL 28 @iy p®  A¥LNOAD IXd
FTIVNNL LS¥Id m HAIADTY 48 m

9¢

A™LINDHEID
TOULNOD
INHLSAS 4¥




U.S. Patent Nov. 1, 2016 Sheet 5 of 72 US 9,484,879 B2

A
>
@)
Z
S4)
)
<
43
24
s
N _
2< —
\O
co g
| S I : &
........................ ] T
_
o0
e0]
2< I — 2
3
N -
N
X

MAGNITUDE



US 9,484,879 B2

Sheet 6 of 72

Nov. 1, 2016

U.S. Patent

49 "DId
98 96 ¥8
_ ADNANOTA _ ,
-~ Jrueemmm———— - ——
I
I 88 >
||||||||||||| J
76 &. HANLINDVIA
v
V9 "DIH
98 16 ¥8
_ ADNANOT¥A _ .
T —— 1 77
\
88—
o e e e e e e o o ————
06 x. HANLINOVIA
v




US 9,484,879 B2

Sheet 7 of 72

Nov. 1, 2016

U.S. Patent

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

86
AYLINDAID
"TOALNOD
ANd-LNO¥d 44

»

L OId
¢Sod
S04
‘ L
89 4
HLVd LT 38 (€=
‘NAL ANODTS m
‘ 0L
99 4
HLVd LT3 @ —x
TTIEVNOL LSUL H1d

9
AALINDAID
HATHDEY 4Y

JdA

X

XY

9¢

AYLINDAEID
"TOULNOD
WHLSAS 4




US 9,484,879 B2

Sheet 8 of 72

Nov. 1, 2016

U.S. Patent

8 'DId
S
m TS
m 1501
m ow
oiaiuiaiuiuielniuiiaieietelei e e 4
1 y 4
“ - 1
i 89 It
m HLVd LT R J*®ZAT
m "NAL ANODAS m
" m
¥ L 0L
\ m i 99 \“
g HLVd LI d (€=
ot ¥ HI4VYNAL LS¥IA m L
ps—~

86
AdLINDEID
"TOJLNOD

ANH-LNO¥A d4¥

¥9
AALINDAID

LINSNVHYL A

Jdd

A

XL

[XL

9¢

AYLINDALD
TOYLNOD
WALSAS 4




U.S. Patent Nov. 1, 2016 Sheet 9 of 72 US 9,484,879 B2

FREQUENCY
FREQUENCY

FIG. 9B

A
A

MAGNITUDE
MAGNITUDE



US 9,484,879 B2

Sheet 10 of 72

Nov. 1, 2016

U.S. Patent

_ ADNHNOT¥A

My Ioud — d0oT1 "DId

—_—— e e
RO
\ 7!
\ oo
| i
\ 1i !
i
ooﬁ\ m | m | AANLINDVIA
T
L
b
I
m " i My Jold - VOI 'DIH
I
ADNANOTAA i
S -, S
\ /
\ /
\ I
| I
\ /
S LY
bOT \. | AANLINDVIA




US 9,484,879 B2

Sheet 11 of 72

Nov. 1, 2016

U.S. Patent

IT DI
T R } 3T |
- a ot w
T HLVd Ll dY [0 m R
b < 'NALHIMNOA | | 4 ! [9.¢: |
] . S— m
orT 1A =
! HIVd LT T oo -
m NAL ML ] JAIADTA 1A |
] L 1 “
m . PSOd 6 m
_r T <SOd KIILINDAID m
" : TOMINOD [+
| " ¢Sod N et
| m [SOd -LNO¥A 44 m
I y “ “
m 89 : _-CL m
ol HLVA LTS 8= -
| NALANODAS | | UL e
| 99 0L Fq] i
| T ] HLVd Wlddd (@ a7 AYLNOED e
o U gy s | WL prvsnvar e | f 0 IXL
pS—"

9%

ALINDAID
TOULNOD
WHLSAS 44




US 9,484,879 B2

Sheet 12 of 72

Nov. 1, 2016

U.S. Patent

¢l "DId
e — 1 8¢S
AR i 9Ll
HIVd LT &=y m >
'NOLHI¥NOd | ! dd ;o oxd
 S— m
or 1 1Pt =5 w
HLVd LI gLy ¢ 47 xd1nDdmn X
NOLQaHL | dAEDIY 4 | !
) “ !
...................... “T¥SOd 36 m
o] o |
...................... T ZSod aNg L OHd
| [ TS0d -INO¥A 14
s |l _u |
HLVd LT A | 55T —
'NOLANODAS | | L i Xl
— |
9 oL 79 i
HIVd ITd I [« @+ AILNDAD  |ei
TIAVNNL LSAL | | INLE pwsnvaLaa | | IXL

9¢

AMLINDAD
"TOAINOD
IWHLSAS 44




US 9,484,879 B2

Sheet 13 of 72

Nov. 1, 2016

U.S. Patent

81«

€1 DI
i |
7 & xd
OHEID XA A L
T X
XSSO i
0cl bSSO i
TANLONALS ) _
LTI Nm_oo m
A ANOJAS < '
dsdD m
~ ¥SOd |
T €SOd " sad
OS5 O
1SSD m
"~ NSO %6 |
nNo < AALINDAEID '
mm:%%:ﬁm 9| HouNod |
AL TIA ~CSOd CINH |
< “INQO¥A 4 i
a9 18914 ISOd “
N T oxa
< AL RO XL AT e m >

9¢

AALINDAED
TOYLINOD
IWHLSAS 44




US 9,484,879 B2

Sheet 14 of 72

Nov. 1, 2016

U.S. Patent

1 "DId
B J“ 8 |
- 4 | sul m
[ end HIVd 1T [T |
N 4 NOLHIXIS | | tdd m £Xd
B ZiT LI m
g HLVd LT 48 7O m
| NALHInod | 9 , oxd
m ot el w m
m HLVd LT [0  ANLNO¥D i
| A 'NOLQUHL | A o | 1 P
w 741 i Tl m
" : ] —
" HLVA LT (4 AT T
| NOLHLAIA | | m
| 39 m L i
A HIVd LT 44 (6= -
N ‘NAL ANODES | | L i XL
1 % o 79 m
| HLVd LT dY (¢ @A ALLNDID e
M ravnnnasama | | ML pwsavarqa | 0 IXL
S —"

9¢

AULINDAID
TOILINOD
WHLSAS 44




US 9,484,879 B2

Sheet 15 of 72

Nov. 1, 2016

U.S. Patent

91

RS
€S04
" 7Sod
1504
HLVd LT 48 &= —xa
NNLQAHL | | |
I L -
HIVd LT A @b AYLIND¥D : >
‘NAL ANODaS | ¢ e N A L m Xy
99 P 0L 79 w
HIVd LTHAY @& 757 ALLINDAID “
ATIVNNL 1S¥I | | HALL | SNV aLL ! XL

9§

AYLINDHEID
"TOYLNOD
WALSAS 4¥




US 9,484,879 B2

Sheet 16 of 72

Nov. 1, 2016

U.S. Patent

91

w

AYLINDALD
TOYLNOD
WALSAS 44

m T S0S

m, m

m ﬁ i ¢SO

R U [ T 1S0d

| 5 | _u[ & |

“ ; HLVd "LT1d 49 I[Q|mv AALINDNED : >
N NOL ANOOES | ! A ggomea | | 1XE
N 5% o 79 m

e HLVd L1448 [¢— @~ AdLNO¥D [+

L ML gvNn 1w m L iwsnvaras | | XL




US 9,484,879 B2

Sheet 17 of 72

Nov. 1, 2016

U.S. Patent

91

SOS

¢SOd

1504

H

| ]

L _ HLVd ‘LTI .14 — _

RN 'NOLANODAS | || m OFT i 1xd

| 9 | oL 79 i

o 4L | HIVd LT A @A77 AYLND¥D (%

¥ " ATIVNNL LIS | | 5&“ TINSNVIL T | 1! XL
S

9s

AILINDALD
TOIYINOD
WHLSAS 44




US 9,484,879 B2

Sheet 18 of 72

Nov. 1, 2016

U.S. Patent

81 DIA
¥ $OS
~ ,m,/mv
¥ 7S0d
¥ TSOd
] W |iu
R HIVd ITAN [T : >
R 'NALANODES | | i m ovT i Ixd o
N — L i — ¥ 9¢
R 99 ;0L 79 ¥
1 L | HLVA LUTHAY €@ AT AMLNDAD YT AYLINDAID
S TTIVNNL LSYL | | i | LINSNVILAIA | | TOYINOD
AT R === . | It WALSAS 44
pS—



US 9,484,879 B2

Sheet 19 of 72

Nov. 1, 2016

U.S. Patent

61 DIA
x 1 SOS
i
¥ ﬁ T Zsod
A\ [ T TSOd
¥ %0 L w ¥
S HILVd LN [+ -
| 'NNL ANODES | | HESS
. — i — ¥ 9%
N 99 p 0L 9 1
L e : o 3
|} 4SO | HLVA LGN €@ A7 | AMLNOND 4y AYLINDAID
. “ HT4VNOL LSAIA | LINSNVIL AN | 1! TOUINOD
e e . ¥ NALSAS 48



US 9,484,879 B2

Sheet 20 of 72

Nov. 1, 2016

U.S. Patent

91

0C DId

m 5 |

m [ TSOd
S e 1oL m

/.“// m g m 7 m

—— HLVd LT 49 @ m

m “ FTIVNNL LSYM | ! m

L m m

m @ w

m (43! »  AYLINDAID m

m .# ...... . A Ao o : x4

| it w - %

| o - m

_ 0ST~ e !

' < INL AdLINDAELD i

m LINSNVLAY | 1 X1

s —"

v

AdLINDALD
TOYLNOD
WHLSAS 449




U.S. Patent Nov. 1, 2016 Sheet 21 of 72 US 9,484,879 B2

202
o

206
-/

FIG. 21

'/60
C
R(1,Z)% %/”—R(LN)%/}'—
C
R(MZ)th’— o-ﬁ&H’—R(MN)ﬁkH'—

R(M,1)

R(1,1)

200
\o-

204
‘o-



U.S. Patent Nov. 1, 2016 Sheet 22 of 72 US 9,484,879 B2

210\_
7/—1 208

FIG. 22



U.S. Patent Nov. 1, 2016 Sheet 23 of 72 US 9,484,879 B2




U.S. Patent Nov. 1, 2016 Sheet 24 of 72 US 9,484,879 B2

R(1é1) R(1é2)
_________ C(P1) R G
. | \\l |
\D | : /|/l|/ | : S
| 217 @ ! LA 220 !
| |
210 I I
:\7‘/1 : : ;/i'
: — 208 : : 212 —\:_214
| : | :
I 218 : 1 | @ 222 :
: | : |
LI I Y
777 777

FIG. 24



US 9,484,879 B2

Sheet 25 of 72

Nov. 1, 2016

U.S. Patent

G¢ Old

— o — — — — — — — -y

H—b \__\_\I R wl\h

(/oo



US 9,484,879 B2

Sheet 26 of 72

Nov. 1, 2016

U.S. Patent

N

e |

0l¢




US 9,484,879 B2

Sheet 27 of 72

Nov. 1, 2016

U.S. Patent

Z¢ Old




U.S. Patent Nov. 1, 2016 Sheet 28 of 72 US 9,484,879 B2
OUT4
—O
N TUNABLE FILTER
O STRUCTURE
60
60 5
OuT;
INg
o—
TUNABLE FILTER
STRUCTURE OOUT
60
o—
IN

FIG. 26B



U.S. Patent Nov. 1, 2016 Sheet 29 of 72 US 9,484,879 B2

IN TUNABLE FILTER
O STRUCTURE O
£0 ouT
INg OUT4
O——— — O
TUNABLE FILTER
coe STRUCTURE .
60
O—— - —O0
IN OUT;

FIG. 28D



US 9,484,879 B2

Sheet 30 of 72

Nov. 1, 2016

U.S. Patent

60\

C(PM4)

FIG. 29



U.S. Patent Nov. 1, 2016 Sheet 31 of 72 US 9,484,879 B2

;

s(1) S(2)
66
% \ \
U1 d__ ... TANTY

-|
|

R(1,

=
)
=
N
1
%
[ ]
[ ]
1
| =
=

’E
Al

TANT2

w2 f

g

-

I
>

i

1
T

|
!
P
|

TANT3

TU3

s &
]...(.

|

g A
e

g

2
-
_

C K A
S5
RGN
| _\ o >
112k e S .
TU4 ¥ TANT4

A
=
X
=
o
L
o~
[ ]
[
X
=
=

FIG. 30



U.S. Patent Nov. 1, 2016 Sheet 32 of 72 US 9,484,879 B2

s(1) 5@2)
66 \ \ 16
4
U1 N } TANT1
\o R e | R12) [e—aen] RN

& I 4 i
XL A\ Tl
1] L . TN %
68\— ! ! l 0 :
U2 S (I, e — . TANT2
\o e 4] R s f R2N)
.'"ZF""‘.\ 4 - !"1?"‘? I i = 3 '|
G x| N R
o i T 2N\, T 26
T == == (R ~t A— o TANTS
‘o R01) | RO et RN
C — 4 1T X {7
S6) | |
A XL x| i~ s@)
| _\ .00 & _&( | o2 s :\ 247
2oy S L . 3
TU4 =2 | : TANT4
\c R(M1) 17|/r_'f R(M.2) At RMN)

FIG. 31



U.S. Patent

Nov. 1, 2016

Sheet 33 of 72

US 9,484,879 B2

s() s2)
66 \ \
A\
U1 S I TANT1
\o ROLT) e | R12) [} | R(N) o’
| I '
_ AT : :>
XL N “ L \asg
TN /P !
68 ] N :
U2 < — - ¥ TANT2

TU4

i—\,5(4)
250
e
===y ¢ TANTS
—_5(6)
|+ —'l/ TANT4
R(M,1) ‘]7|/r_'f RM2) fe— e RMN) o/

FIG. 32



US 9,484,879 B2

Sheet 34 of 72

Nov. 1, 2016

U.S. Patent

m._.z<._.m

N._.z{._.w

ent

F._.z<._.$

ant

€€ Ol
|~ == 7 m_;_/\mo - ==
(r'e) 1|\_\_\|4 (e'e) L (@'e) ﬂ|\_\_\|4 (1'e)y
"I ' = F Sl #NN _I=I - il Sl
_ _
|- - 0Lk w -
T ORUK X ¥ ¥
—=7 T ¥ = I
|
oy [ e2 S (o "A|\_\_\|4 (1Y
e — IN. - _—— — IN. -
(@)s D / (¥)s
1
¢
89 09z
mmo% RA
/
YO, V!
(v Dy Ai\_w|v (€'Y < @1y A&\_Jpv (DY
40 N A 1SO
psz 252
¢
99



U.S. Patent Nov. 1, 2016 Sheet 35 of 72 US 9,484,879 B2

/60
6 rl- -~z =——=-—= f —-———-c—-—.——-_-|
A EIRE AN
| I | |
| ! R(1,1) S(X) R(1,2) S(Y) R(1,3) ! |
|| e .> ||
|___:_____ 2 H——H—% ____:__]
68\;———%-———— :—;v-——-v:—;r————i——-:
| I I
| | REY) 270 R22) | 272 R23) |1 :
| 1 1 I
|| |t m e - - 1
(
\268

FIG. 34



U.S. Patent Nov. 1, 2016 Sheet 36 of 72 US 9,484,879 B2

/60
6 rl-- -~ ———— f -~ —-————-_-|
|| Ay
| I | |
| ! R(1,1) S(X) R(1,2) S(Y) R(1,3) ! |
I I .) ) I I
|___:_____ —1 > ____:__]
68\;___?____ :_:"____:2_:’____2__-:
| | I
| | REY) 274 rRR2) | 274 R@23) |1 :
| 1 1 I
|| |t~ - =- 1
(
\268

FIG. 35



U.S. Patent Nov. 1, 2016 Sheet 37 of 72 US 9,484,879 B2

cc cc
R1 R1 R1
o : CC : cc !
cc cc
R1 R1 R1
plane k
AN N AN
cC cC cC
cc
R2 R2 R2
cC ¢+ CC | cC I
cc cc
R2 R2 R2
plane m |
1
ccX )
7 cc cc
R3 R3 R3
cC CcC CC
cC cC
R3 R3 R3
plane n

FIG. 36



US 9,484,879 B2

Sheet 38 of 72

Nov. 1, 2016

U.S. Patent

LE DI
8¢S |
9 | g
AAL T « “ i 909 !
ONIHOLVIA  A1Sod e ;
VNNALNY _
" 150d
L] i ——_ 1 |
| 709 1oL — m
! MALT P 9 m o
v LINSNVIL 28 _nq_ TAL| AHLOIED e 9
pe-<" 11| GIEVNALLSNI | L LINSNVELAY |
' ™ m AALINDAID
IR 209 “ TONLNOD
09 m INALSAS d¥
s —7



US 9,484,879 B2

Sheet 39 of 72

Nov. 1, 2016

U.S. Patent

8¢ DIA

m 5 |
m X disoa |
| | o
| . 1SOd ommmeee .
m 019 m
! AdLINDAID ; :
! T I R . NOILOHLIAA 4 | [sd
| N R N m 7\ !
m iy G 309 oL _
! | YALTL & !
! \b“ ! EINERERE ] v 1A m
L p -7 41| JTEYNOLLSHA | i m
m | E—— ™ “
T < 09 9 m
“ AALINDAID m > oc
m AATIOTY I | | x4 9%
AMLINDAID
! ! TOUINOD
m m WHLSAS 43

s~



US 9,484,879 B2

Sheet 40 of 72

Nov. 1, 2016

U.S. Patent

6€ ‘DI
8 « m .
| d1S0d S
w m ;909 |
© 1S0d 86 T om I ’
_ AALINDATD "
! > TOMINOD “
| 1 ana-now aa |
m TNV !
w 019 m
! ) AALINDAID m
m s A S n a NOILD14A 4d | i
! A I A T ry !
RN 809 oL i
! ! VAL ! 1" g “
! \D“ | GAIEDEY 4¥ AAER m
L LT | TIEYNALLSAIA | 1 m
“ ' N !
m i B4 1) — |
| 09 (4 "
| KALINDAID m > 9¢
m HAIIDAT 44 m txd
! m AMLINDAID
! “ TOIINOD
! m INHLSAS 43
ps—~



US 9,484,879 B2

Sheet 41 of 72

Nov. 1, 2016

U.S. Patent

_ ADNHNOH¥A

9¢9 40¥ ‘DId

"

/L

91
919 VOv 'OId
ool NS, e

_\

L

¥C9

9

77

/L

4

i

I _;_\ _\ __;
o

9

L 0¢9

im

v19

v19

77

4

JANLINDVIA

HANLINDVIA



US 9,484,879 B2

Sheet 42 of 72

Nov. 1, 2016

d1v OId
8¢9

_ AONANOTIS

_ ADNANOTYA

0r9 979
A

9

VIiv ‘DId

HANLINDVIN

/L

A

77

U.S. Patent

0£9

JANLINDVIN

v



US 9,484,879 B2

Sheet 43 of 72

Nov. 1, 2016

U.S. Patent

v 'DId
809 o = M
RERIIE L “
TATIOTY 1A AAET AL - ey
FIIVNNL LSULT | 1! dAHDAE A4 )
.......................... w9 m
k ! L MTSOd
) m | ¥1SOd o )
! i 1S0d
w 700 o - m
| MAL T g v9 m _
T uwsnvaLay  [TETAL]  AMINOND e 9¢
b7 4| aiavNaLIsuE | i LINSNVAL Y |
L ™ | AMLINDNID
B R 209 “ TOIINOD
09 m INHLSAS d3




US 9,484,879 B2

Sheet 44 of 72

Nov. 1, 2016

U.S. Patent

& DId
m L 8¢S |
m 809 U - m
m WAL P 29 i R
“ dAoTI .y [ TOTIN] AMLNOND T
: AT9YNALLSHIA | || HATHORA AF |
“ N :
m I R Y AR B 4 m
! 0zl m
: ) L ¢SO
m e 50 |
m i TAISOd | :
A T D L 1SDd
m w 700 i0L — m
m “ AALTIA ] o
m W m LIASNVIL A¥ TV INL | ASLNJED e S
- | ATEIVNNLLSHI | @ LINSNVALAY | |
: L m™ m AMLINDNID
m e e 209 “ TOYINOD
m 09 m INALSAS 49
ps—"



US 9,484,879 B2

Sheet 45 of 72

Nov. 1, 2016

U.S. Patent

91

1 DId
79 1 8ro m
AL T AATAOTT | t_ ’ “
19 FT9VNNL N !
N iy m
.......................... S99 INSOA |
\ “ i
“ “ i NSOA
......................... | m ” ACSOA
0% L —or]
VAL FATEDAT | L/ “ o
o AN | @ Soa | 909
aNnopds D ! e i
N SO
-”HHHHHHHHHHHH”.__ m 19 m
3090 LlooL :
Pl — ¢ NSd
MALTE AT | | o/ 019 "
A ATAYNNL “.“ L3 AALND¥ED M =<q o¢
LS P! NOLLDALAd |
.......................... ™ 09 24 T IS | AMLINDADD
................................ < ¢ | TOULNOD
09 m WALSAS 14




US 9,484,879 B2

Sheet 46 of 72

Nov. 1, 2016

U.S. Patent

St 'O

9 :

T4 | "O¥ID X4 4y P TXd
XSSO i
0cl qSSO m
TANLINALS < “
MALTIA xm_uu m
1M ANODAS < “
dSDD m
~ ¢SO m

T sod " Sdd

OSSI T omd
ISSO m
"~ NSO 6 w
09 g5y ] AULINOID
TINLONULS < TOAINOD !
« -INOYL 1Y “
44 LS¥ld 1SDA “
) ¥9 -

) INL| DD XLAd b IXL

9¢

AdLINDEID
"TOYLINOD
INHLSAS 4




US 9,484,879 B2

Sheet 47 of 72

Nov. 1, 2016

U.S. Patent

VL

99
JOLVNOSHY
HLINOA

LINDALD
DNI'TdNOD
HLAI4

m 200
m 30

$» JOLYNOSTI

aNODHS

0L9
LINDEIO
DNI'TdNOD
HLINOA

VL9

4

899
LIND¥ID
ONI'TdNOD

099
YOLVYNOSTY
Q¥IHL

QIHL

799
IINOATD

DNI'IdN0D
LS4

999
LINDEIO
DNI'TdNOD
ANODAS

09
p 1 09
959 P 0L
» YOLVNOSTY [¢«+>-¢
LS¥Id P
m Nwm_mo
¥S9 t [SSO
AALINDAID e
NOLLVIEI VD _ meo
‘NO oﬂm NOD 1599
LLV¥NOIA i
"ONINNL ¢ A1SOd
YALTI A “T1SOa




US 9,484,879 B2

Sheet 48 of 72

Nov. 1, 2016

U.S. Patent

VL

799
AOLVNOSHY
HILINOA

CLY
LINDAID
ONI'TdNOD
HIAIA

89

W JOILYNOSTI

aNoOD24dSs

:

899
LINDAUID
ONI'1dNOD
IIHL

:

099
JOLVNOSTY
(MIH.L

0L9
LINDALD
DONI'IdNOD
H1dN0d

799
LINDAEIO
ONI'IdNOD
LS¥IA

4

999
noan |,

DNI'TdNOD
aNO2odSs

W i)
P09
959 P 0L
> MOLVNOSHY >
LS P
+S9 v ISSO
AMLINDAID e
NOLLYYEITVD “ meo
‘NO oﬂw NOD | 1S9
ILVANOLINOD |t
“ONINALL i 41504
AALTIA 4 MNERTRS




US 9,484,879 B2

Sheet 49 of 72

Nov. 1, 2016

U.S. Patent

YL

87 DId

= 0C9 W
o 799 o
1| MOLYNOSHY oquwww,u v 09
P HLINOA P
o HLINOA ' m
i o B
b LINDAID Lo
m m ONITdNOD ¥L9 m m
Lo H.LAId P
I e 799 ——— |
L 859 S _ 959 i1 0L

! LINDAID h VoL s
,ttv mo%%%%mm%m ) DNI'1dN0D Alﬂlv dOLYNOSHY i
Lo NENYIE LT LSAld P
N 0 e P
| 3% ! S m
o LINDAID .. | _
i 1| ONITdnod 9L9 - m : am_mo
N @ME WS w 750 1SS
P — ! AMLINDAID o
Lo 099 999 m NOLLVYEITVD i NSJO
L 1| JOLVNOSTYA ¢ LINDAL) g L ANV + ISDD
Lo QMIHL ONI'IdN00 | NOLLVINOIANOD et
m m aNODdS m ‘ONIN/LL ! ALSOA
s i AALTIA 2 1S9



US 9,484,879 B2

Sheet 50 of 72

Nov. 1, 2016

U.S. Patent

vL

6y DIH

! — 0r9 700 | J
b 799 b

L | MOLVNOSTY |4 omWWMH%o « L 09
1| HI¥NOd P

o 3 HLINOA L

m : *y m m

P TLY N P

| LnouD who\ A .

i 1| ONITdNOoD ¥19 \ P

P HLALL \ P

m m 0 ./../ m m

B 799 - oo |

Lo 359 3 I SO 959 P 0L

! LINDYUID < e

,GA.rv mo%%%%mm%m “ ONINdnoo [ ¥oLvNOsay #vf\

Lo LS¥II e LI P

Lo 3 17 P

- 99 ! | m

1| unduD : | — 555"
i 1| ONITdNod 9L9 ! | ;OSSO
L SME A./._/._\.\_ | 759 T ISSO
= = | e, [T
i 1| woLvNOSTY [« (LA | ANV I 1SOD
P QATHL ONI'00 | | ‘NOILVMNOLINOD |et
m : aNoOD4ds m ‘ONINNL ! HISOHd
b | LT 19 MIETSeX]



US 9,484,879 B2

Sheet 51 of 72

Nov. 1, 2016

089
A LINOAEID
SNOLLVDINNNINOD
4 HLVNYALTV

o
O

N

U.S. Patent

IIIIIIIIII

AYLINDEID
SNOLLVOINNININOO
dd




US 9,484,879 B2

Sheet 52 of 72

Nov. 1, 2016

U.S. Patent

0TL

NIS

INS

HOSNAS
LSl

TIL
LINOAIO

LINDYUID
TOULINOD
NOLLYSNHdINOD
HONVLIDVAVD

VoI'lddd
LSHId

10§

A 4

LINDAID
NOLLVSNHdINODO
HONVLIDVIVD
AVANI'INON
LSHId

HOIALA
DINOALOHTA
LSdIA




US 9,484,879 B2

Sheet 53 of 72

Nov. 1, 2016

U.S. Patent

0TL

NIS

INS

HOSNAS
LS¥IH

[
LINDYID

LIND¥UID
"TO™MILNOD
NOILLVSNAdINOD
HONVLIOVAVDO

VoI'lddd
LSYI4

(IO

A 4

LIOD¥UIO
NOILLVSNAdINOD
HONVIIOVAVD
AVANI'INON
LS4

HOIAFA
DINOILOATH
LS4

x
" NIA
_



U.S. Patent Nov. 1, 2016 Sheet 54 of 72 US 9,484,879 B2

A A A
Z Z Z
> > >
< 2} Q
(se) cn (<2}
< v ) vy
— / @) Z / @) o / O
o T SN o © 7 =
/ / /
I ! I
= < <t
— —] —
=~ ~ ~



US 9,484,879 B2

Sheet 55 of 72

Nov. 1, 2016

U.S. Patent




US 9,484,879 B2

Sheet 56 of 72

Nov. 1, 2016

U.S. Patent

as¢ OId

JOLVTIIOSO
d4d

O|
Q\
~

Z
@,

P

IIIIIIIIIIIIIIIIIII

VE&E DId

IIIIIIIIIIIIIIIIIIIIIIII

d4d




US 9,484,879 B2

Sheet 57 of 72

Nov. 1, 2016

U.S. Patent

9S "DId
00L
|
|
=S “ i T L 0L |
i i o b
i | 80 | 90L | e DD m m
_ ®
i
i



US 9,484,879 B2

Sheet 58 of 72

Nov. 1, 2016

U.S. Patent

LS "DIA
o0z

|

_
e TS £ VI s L 0L |
AT S I R I o R L
.| 80Z|90Z || i} ii==SOD I u\ o

—

i

i



US 9,484,879 B2

Sheet 59 of 72

Nov. 1, 2016

U.S. Patent

$S "I
00L
|
i
VT =
°
e T fomdemeay L WL
T T I B N o
| 80C | 90C || i kS o
°




US 9,484,879 B2

Sheet 60 of 72

Nov. 1, 2016

U.S. Patent

6§ DId
0L

|

i
.................. T 0L T
m b P 7L TTL} TOL |
oL HE. J —
| sor|oor | i GideeS@ o NTEL g4 b b
R A st 0

[

_



US 9,484,879 B2

Sheet 61 of 72

Nov. 1, 2016

U.S. Patent

09 DId
YOL ! :
' i
! i
80L 90L 0L
L 700 m |m D
7S S rl S "
BB 0| N
o ; Ll TTTTTT
LINDAID : dOIAAd
LINDAID NOLLY SNEdNOD m DINOILDTTH
TOULNOD HONV.LIDVAVD “ LS¥IA
NOILVSNAdNOD AVANTIINON m T
AONVIIDVIVD LS¥I m "




US 9,484,879 B2

Sheet 62 of 72

Nov. 1, 2016

U.S. Patent

19 DI
00L

|

i
% L T I
VLTRSS 06 IR B
pomT LTS 9cLiccLi cOL
! YOL m R s bbbl — | A
I e [ b - N !
\ | S0L | 90Z | ! et B L P
m m IR IR e o
......... % P i=a= AD stL A

i

i



US 9,484,879 B2

Sheet 63 of 72

Nov. 1, 2016

U.S. Patent

LINDAULD SVID

LINDAUID
NOLLVSNAdINOD
HONVLIOVAVD
AVANI'INON
LS4

HOIAHA
DINOYLOATH
LS4




US 9,484,879 B2

Sheet 64 of 72

Nov. 1, 2016

U.S. Patent

€9 'DOId

00L

|

i
IR I
et oe J——
pre ey — G OCL: TCLi TOL |
LN S W N I
| | ¥€L | 90L | | R ﬁ:nfmmhl P
! ! R L] Lo
................. : 4 edgao o o P




US 9,484,879 B2

Sheet 65 of 72

Nov. 1, 2016

U.S. Patent

79 "DId

LINDAIO
Svid
JOLOVIVA




US 9,484,879 B2

Sheet 66 of 72

Nov. 1, 2016

U.S. Patent

€9 DA
00L

. PO m 9pL

m 80L 90L 401A3d
m L 1| JINOWLOHT |
m b ADIATA m
m \_/ | | DINOYLOIT m
! ——/ P T !
! o ! :
m L T
“ P _ !
m LINDALD o _ m
m LIND¥ID NOLLVSNZAWOD | | | !
! TOMINOD AONVIIOVAVD o !
i | NOLLYSNHdWOD YVANI'INON P aDIAIA m
|| HONVLIDVAVD LS¥Id L4 | JINo¥IOHTH |




US 9,484,879 B2

Sheet 67 of 72

Nov. 1, 2016

U.S. Patent

99 'DI4
00L

. oL 4\9&

! m LINDAID I
m _ m "dINOD AR “
m 80L i | LIDVAVD I HDIAHA m
“ v | AVANTINON | ! C| DINOMIDATA :
o mnouo |
! " "dINOD b ! “
m m "LIDVdVD Do ! d401Add !
m ' | MVANIINON . L | OINOMLDATH m
! ' T o ! _ !
: m @ A i m
! m l8pL LTl
! ! _ Lo ! _ !
: m _ A _ m
m JIND¥EID m LINDYUID m m m m
" TOUINOD ! dINOD P :
: | NOILLVSNHdNOD ! "LIDVAVD L m ADIAAA m
m HONVLIIDVAVD r | AVANIINON o v DINOMLDATE :
e e e e mmmm e e m e i ﬁiuh




US 9,484,879 B2

Sheet 68 of 72

Nov. 1, 2016

U.S. Patent

. 0L w 4\9&
! m LINDMID m

! __ ! dINOD A

m 0sL | LIDVAYD A gellaldl

! v | MVANTINON | ! ! t DINOYLOATH
| wnouo |

! ! "dINOD o !

m m "LIDVAVD A 40IAEd

m | | AVINI'INON . L | DINOMLDATH
! ! _ o : T

! : @ Lo _

: ! 7 IThL
! ! _ o ! _

m LINDAID m _ o m m

m NOILLVSNAdINOD m LIODMID m m m

" AONVIIDVAYD ! "dINOD o !

m AVANI'INON m "LIDVAVD L m dOIAAd

_ NI V[ AVANTTINON o C| DINOMILOATA
e e e mm e mm e mmm e ¥ k/vvh



US 9,484,879 B2

Sheet 69 of 72

Nov. 1, 2016

U.S. Patent

w w opL

: Ll 2nouD L o m
: — ! "dINOD B ! ! :
m 0sL m "LIDVAVD P m “ m
! | MVANIINON | | ¢ i !
! ! "dINOD AR eIk !
m m "LIDVAVD A ! “ m
! | MVANIINON | | ¢ ! !
m ! _ AR . m
m m .m A T
m m lo8pL i 1 TSL b THL
! ! _ AR _ !
m LINDAD ! _ A _ m
m NOILLVSNAdINOD m LINDNID m m m r=d---4 m
“ HONV.LIDVAYD “ *JINOD A : m "
m AVANIINON m ‘LIDVAVD A m “ m
m ANIA | MVANTINON | | 1 T m
_ _ L



US 9,484,879 B2

Sheet 70 of 72

Nov. 1, 2016

U.S. Patent

oL w

! ! LINDAD b
| — | ‘dINOD b
m 0SL m "LIDVAVO b m
“ | MVANIINON | | i
LINDWIO
“ “ "dNOD S
m m "LIDVAVO A
m || dvANIINON | i
! ! _ S
! ! ! A
m m L8vL
! ! i S
m LINDAID i | P
\ | NOILYSNZdNOD m LINDED Pl
“ AONVLIDVAYD ! "dINOD A
m AVANIINON | wovavo |G
m ANIA {| AVANTINON | ¢}




US 9,484,879 B2

Sheet 71 of 72

Nov. 1, 2016

U.S. Patent

0L DI4

00L

1

_
il oD .
PLoLTieI 0EL : : "
pommemomobe oo ocT 11 == ESD 1 9CL! TTL! TOL |
m 0L m bioLlIIiTIiiiizzil f.l__ | | |
T T—— 1] Lnou N NPT A
AR KA e B e e S DT L N I
m } YOLSISNVEL | 44 b & 7 L wﬂ m | m
................. ma % T

_

_



U.S. Patent Nov. 1, 2016 Sheet 72 of 72 US 9,484,879 B2

A A A A
z z z z
> > > >
< a O =
o~ o~ r~ o~
S S © S
= o = =
< < “— -
% 8 0 i



US 9,484,879 B2

1

NONLINEAR CAPACITANCE
LINEARIZATION

RELATED APPLICATIONS

The present application claims priority to U.S. Provisional
Patent Application No. 61/831,666, filed Jun. 6, 2013; U.S.
Provisional Patent Application No. 61/860,932, filed Aug. 1,
2013; U.S. Provisional Patent Application No. 61/909,028,
filed Nov. 26, 2013; U.S. Provisional Patent Application No.
61/938,884, filed Feb. 12, 2014; U.S. Provisional Patent
Application No. 61/949,581, filed Mar. 7, 2014; U.S. Pro-
visional Patent Application No. 61/951,844, filed Mar. 12,
2014; U.S. Provisional Patent Application No. 61/982,946,
filed Apr. 23, 2014; U.S. Provisional Patent Application No.
61/982,952, filed Apr. 23, 2014; U.S. Provisional Patent
Application No. 61/982,971, filed Apr. 23, 2014; and U.S.
Provisional Patent Application No. 62/008,192, filed Jun. 5,
2014.

The present application is related to concurrently filed
U.S. patent application Ser. No. 14/298,829, entitled “TUN-
ABLE RF FILTER STRUCTURE FORMED BY A
MATRIX OF WEAKLY COUPLED RESONATORS;” con-
currently filed U.S. patent application Ser. No. 14/298,830,
entitled “TUNABLE RF FILTER PATHS FOR TUNABLE
RF FILTER STRUCTURES,” now U.S. Pat. No. 9,419,578;
concurrently filed U.S. patent application Ser. No. 14/298,
834, entitled “HIGH QUALITY FACTOR INTERCON-
NECT FOR RF CIRCUITS;” concurrently filed U.S. patent
application Ser. No. 14/298,863, entitled “TUNABLE RF
FILTER BASED RF COMMUNICATIONS SYSTEM;”
and concurrently filed U.S. patent application Ser. No.
14/298,852, entitled “MULTI-BAND INTERFERENCE
OPTIMIZATION.”

All of the applications listed above are hereby incorpo-
rated herein by reference in their entireties.

FIELD OF THE DISCLOSURE

Embodiments of the present disclosure relate to radio
frequency (RF) communications systems, which may
include RF front-end circuitry, RF transceiver circuitry, RF
amplifiers, direct current (DC)-DC converters, RF filters, RF
antennas, RF switches, RF combiners, RF splitters, the like,
or any combination thereof.

BACKGROUND

As wireless communications technologies evolve, wire-
less communications systems become increasingly sophis-
ticated. As such, wireless communications protocols con-
tinue to expand and change to take advantage of the
technological evolution. As a result, to maximize flexibility,
many wireless communications devices must be capable of
supporting any number of wireless communications proto-
cols, each of which may have certain performance require-
ments, such as specific out-of-band emissions requirements,
linearity requirements, or the like. Further, portable wireless
communications devices are typically battery powered and
need to be relatively small, and have low cost. As such, to
minimize size, cost, and power consumption, RF circuitry in
such a device needs to be as simple, small, flexible, and
efficient as is practical. Thus, there is a need for RF circuitry
in a communications device that is low cost, small, simple,
flexible, and efficient.

SUMMARY

An apparatus, which includes a first electronic device, a
first nonlinear capacitance compensation circuit, and a

10

15

20

25

30

35

40

45

50

55

60

65

2

capacitance compensation control circuit, is disclosed
according to one embodiment of the present disclosure. The
first electronic device has a first nonlinear capacitance and is
coupled to the first nonlinear capacitance compensation
circuit, which has a first compensation capacitance and
receives a first compensation control signal. The capacitance
compensation control circuit adjusts the first compensation
capacitance using the first compensation control signal to at
least partially linearize the first nonlinear capacitance.

Those skilled in the art will appreciate the scope of the
disclosure and realize additional aspects thereof after read-
ing the following detailed description in association with the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings incorporated in and forming
a part of this specification illustrate several aspects of the
disclosure, and together with the description serve to explain
the principles of the disclosure.

FIG. 1 shows traditional communications circuitry
according to the prior art.

FIG. 2 shows the traditional communications circuitry
according to the prior art.

FIG. 3 shows the traditional communications circuitry
according to the prior art.

FIG. 4 shows RF communications circuitry according to
one embodiment of the RF communications circuitry.

FIG. 5 is a graph illustrating filtering characteristics of a
first tunable RF filter path and a second tunable RF filter path
illustrated in FIG. 4 according to one embodiment of the first
tunable RF filter path and the second tunable RF filter path.

FIGS. 6A and 6B are graphs illustrating filtering charac-
teristics of the first tunable RF filter path and the second
tunable RF filter path, respectively, illustrated in FIG. 4
according to an alternate embodiment of the first tunable RF
filter path and the second tunable RF filter path, respectively.

FIG. 7 shows the RF communications circuitry according
to one embodiment of the RF communications circuitry.

FIG. 8 shows the RF communications circuitry according
to an alternate embodiment of the RF communications
circuitry.

FIGS. 9A and 9B are graphs illustrating filtering charac-
teristics of the first tunable RF filter path and the second
tunable RF filter path, respectively, illustrated in FIG. 8
according to an additional embodiment of the first tunable
RF filter path and the second tunable RF filter path.

FIGS. 10A and 10B are graphs illustrating filtering char-
acteristics of a first traditional RF duplexer and a second
traditional RF duplexer, respectively, illustrated in FIG. 3
according to the prior art.

FIG. 11 shows the RF communications circuitry accord-
ing to one embodiment of the RF communications circuitry.

FIG. 12 shows the RF communications circuitry accord-
ing to an alternate embodiment of the RF communications
circuitry.

FIG. 13 shows the RF communications circuitry accord-
ing to an additional embodiment of the RF communications
circuitry.

FIG. 14 shows the RF communications circuitry accord-
ing to another embodiment of the RF communications
circuitry.

FIG. 15 shows the RF communications circuitry accord-
ing to a further embodiment of the RF communications
circuitry.

FIG. 16 shows the RF communications circuitry accord-
ing to one embodiment of the RF communications circuitry.
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FIG. 17 shows the RF communications circuitry accord-
ing to an alternate embodiment of the RF communications
circuitry.

FIG. 18 shows the RF communications circuitry accord-
ing to an additional embodiment of the RF communications
circuitry.

FIG. 19 shows the RF communications circuitry accord-
ing to another embodiment of the RF communications
circuitry.

FIG. 20 shows the RF communications circuitry accord-
ing to a further embodiment of the RF communications
circuitry.

FIG. 21 illustrates one embodiment of a tunable radio
frequency (RF) filter structure that defines multiple tunable
RF filtering paths that are independent of each other.

FIG. 22 illustrates one embodiment of a tunable RF filter
path shown in FIG. 21 having cross-coupling capacitors
arranged in a V-bridge structure.

FIG. 23 illustrates another embodiment of the tunable RF
filter path shown in FIG. 21 having cross-coupling capaci-
tors arranged in an X-bridge structure.

FIG. 24 illustrates another embodiment of the tunable RF
filter path shown in FIG. 21 having a cross-coupling capaci-
tor arranged in a single positive bridge structure.

FIG. 25 illustrates another embodiment of the tunable RF
filter path shown in FIG. 21 having cross-coupling capaci-
tors arranged in an H-bridge structure.

FIG. 26 illustrates another embodiment of the tunable RF
filter path shown in FIG. 21 having cross-coupling capaci-
tors arranged in a double H-bridge structure.

FIG. 27 illustrates another embodiment of the tunable RF
filter path shown in FIG. 21 having four weakly coupled
resonators with magnetic and electric couplings between
them.

FIGS. 28A-28D disclose different embodiments of a
tunable RF filter structure, each with a different number of
input terminals and output terminals.

FIG. 29 illustrates one embodiment of a tunable radio
frequency (RF) filter structure having four resonators and
cross-coupling capacitive structures electrically connected
between the four resonators so as to form a 2x2 matrix with
the four resonators. In alternative embodiments, fewer (e.g.,
three) resonators or more (e.g., five or more) resonators may
be provided.

FIG. 30 illustrates another embodiment of a tunable RF
filter structure having M number of rows and N number of
columns of resonators that are electrically connected by
cross-coupling capacitive structures so that the tunable RF
filter structure is arranged so as to form an MxN two-
dimensional matrix of the resonators.

FIG. 31 illustrates the tunable RF filter structure shown in
FIG. 30 electrically connected to various RF antennas.

FIG. 32 illustrates the tunable RF filter structure shown in
FIG. 30 with two tunable RF filter paths highlighted for
performing Multiple Input Multiple Output (MIMO), Single
Input Multiple Output (SIMO), Multiple Input Single Out-
put (MISO), and Single Input Single Output (SISO) opera-
tions.

FIG. 33 illustrates another embodiment of a tunable RF
filter structure with amplifier stages electrically connected
within and between tunable RF filter paths.

FIG. 34 illustrates an embodiment of a tunable RF filter
structure integrated into an integrated circuit (IC) package
with multiple and separate semiconductor dies.

FIG. 35 illustrates an embodiment of the same tunable RF
filter structure shown in FIG. 34, but now integrated into an
IC package with a single semiconductor die.

10

15

20

25

30

35

40

45

50

55

60

65

4

FIG. 36 illustrates one embodiment of a tunable RF filter
structure having resonators and cross-coupling capacitive
structures electrically connected between the resonators so
as to form a three-dimensional matrix of the resonators.

FIG. 37 shows the RF communications circuitry accord-
ing to one embodiment of the RF communications circuitry.

FIG. 38 shows the RF communications circuitry accord-
ing to an alternate embodiment of the RF communications
circuitry.

FIG. 39 shows the RF communications circuitry accord-
ing to an additional embodiment of the RF communications
circuitry.

FIG. 40A is a graph illustrating a profile of an RF
communications band of interest according to one embodi-
ment of the RF communications band.

FIG. 40B is a graph illustrating a first bandpass filter
response of the first tunable RF receive filter shown in FIG.
38 according to one embodiment of the first tunable RF
receive filter.

FIG. 41A is a graph illustrating the first bandpass filter
response and a second bandpass filter response of the first
tunable RF receive filter shown in FIG. 38 according to one
embodiment of the first tunable RF receive filter.

FIG. 41B is a graph illustrating the first bandpass filter
response and a third bandpass filter response of the first
tunable RF receive filter shown in FIG. 38 according to one
embodiment of the first tunable RF receive filter.

FIG. 42 shows the RF communications circuitry accord-
ing to one embodiment of the RF communications circuitry.

FIG. 43 shows the RF communications circuitry accord-
ing to an alternate embodiment of the RF communications
circuitry.

FIG. 44 shows the RF communications circuitry accord-
ing to an additional embodiment of the RF communications
circuitry.

FIG. 45 shows the RF communications circuitry accord-
ing to another embodiment of the RF communications
circuitry.

FIG. 46 shows the first RF filter structure shown in FIG.
45 according to one embodiment of the first RF filter
structure.

FIG. 47 shows the first RF filter structure shown in FIG.
45 according to an alternate embodiment of the first RF filter
structure.

FIG. 48 shows the first RF filter structure shown in FIG.
45 according to an additional embodiment of the first RF
filter structure.

FIG. 49 shows the first RF filter structure shown in FIG.
45 according to another embodiment of the first RF filter
structure.

FIG. 50 shows one embodiment of the RF communica-
tions circuitry and alternate RF communications circuitry.

FIG. 51 shows an electronics apparatus according to one
embodiment of the electronics apparatus.

FIG. 52 shows the electronics apparatus according to an
alternate embodiment of the electronics apparatus.

FIGS. 53A, 53B, and 53C are graphs illustrating relation-
ships between an input signal and a linear capacitance, the
input signal and a first nonlinear capacitance, and the input
signal and a first compensation capacitance, respectively.

FIG. 54 shows the electronics apparatus according to one
embodiment of the electronics apparatus.

FIG. 55A shows the electronics apparatus according to an
alternate embodiment of the electronics apparatus.

FIG. 55B shows the electronics apparatus according to an
additional embodiment of the electronics apparatus.



US 9,484,879 B2

5

FIG. 56 shows the electronics apparatus according to one
embodiment of the electronics apparatus.

FIG. 57 shows the electronics apparatus according to an
alternate embodiment of the electronics apparatus.

FIG. 58 shows the electronics apparatus according to an
additional embodiment of the electronics apparatus.

FIG. 59 shows the electronics apparatus according to one
embodiment of the electronics apparatus.

FIG. 60 shows the electronics apparatus according to an
alternate embodiment of the electronics apparatus.

FIG. 61 shows the electronics apparatus according to an
additional embodiment of the electronics apparatus.

FIG. 62 shows the clectronics apparatus according to
another embodiment of the electronics apparatus.

FIG. 63 shows the electronics apparatus according to a
further embodiment of the electronics apparatus.

FIG. 64 shows a first nonlinear capacitance compensation
circuit illustrated in FIG. 52 according to one embodiment
of the first nonlinear capacitance compensation circuit.

FIG. 65 shows the electronics apparatus according to one
embodiment of the electronics apparatus.

FIG. 66 shows the electronics apparatus according to an
alternate embodiment of the electronics apparatus.

FIG. 67 shows the electronics apparatus according to an
additional embodiment of the electronics apparatus.

FIG. 68 shows the clectronics apparatus according to
another embodiment of the electronics apparatus.

FIG. 69 shows the electronics apparatus according to a
further embodiment of the electronics apparatus.

FIG. 70 shows the electronics apparatus according to one
embodiment of the electronics apparatus.

FIGS. 71A, 71B, 71C, and 71D are graphs illustrating
linearity responses of a first nonlinear capacitance, a first
compensation capacitance, a first elementary response of a
first nonlinear capacitance compensation circuit, and a sec-
ond elementary response of the first nonlinear capacitance
compensation circuit, respectively, shown in FIG. 51.

DETAILED DESCRIPTION

The embodiments set forth below represent the necessary
information to enable those skilled in the art to practice the
disclosure and illustrate the best mode of practicing the
disclosure. Upon reading the following description in light
of the accompanying drawings, those skilled in the art will
understand the concepts of the disclosure and will recognize
applications of these concepts not particularly addressed
herein. It should be understood that these concepts and
applications fall within the scope of the disclosure and the
accompanying claims. RF communications circuitry, which
includes a first RF filter structure, is disclosed according to
a first embodiment of the present disclosure. The first RF
filter structure includes a first tunable RF filter path and a
second tunable RF filter path. The first tunable RF filter path
includes a pair of weakly coupled resonators. Additionally,
a first filter parameter of the first tunable RF filter path is
tuned based on a first filter control signal. A first filter
parameter of the second tunable RF filter path is tuned based
on a second filter control signal.

In one embodiment of the first RF filter structure, the first
tunable RF filter path is directly coupled between a first
common connection node and a first connection node. The
second tunable RF filter path is directly coupled between a
second connection node and the first common connection
node.

In one embodiment of the RF communications system,
the first tunable RF filter path and the second tunable RF
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filter path do not significantly load one another at frequen-
cies of interest. As such, by directly coupling the first tunable
RF filter path and the second tunable RF filter path to the first
common connection node; front-end RF switching elements
may be avoided, thereby reducing cost, size, and non-
linearity; and increasing efficiency and flexibility of the RF
communications system. In one embodiment of the RF
communications system, the first common connection node
is coupled to an antenna.

Embodiments of the RF communications system include
frequency division duplex (FDD) applications, time division
duplex (TDD) applications, carrier-aggregation (CA) appli-
cations, multiple antenna applications, MIMO applications,
hybrid applications, applications supporting multiple com-
munications bands, the like, or any combination thereof.

FIG. 1 shows traditional communications circuitry 10
according to the prior art. The traditional communications
circuitry 10 illustrated in FIG. 1 is a time-division duplex
(TDD) system, which is capable of transmitting and receiv-
ing RF signals, but not simultaneously. Such a system may
also be called a half-duplex system. Additionally, the tradi-
tional communications circuitry 10 may be used as a sim-
plex system, which is a system that only transmits RF
signals or only receives RF signals. Traditional communi-
cations systems often use fixed frequency filters. As a result,
to cover multiple communications bands, switching ele-
ments are needed to select between different signal paths.

The traditional communications circuitry 10 includes tra-
ditional RF system control circuitry 12, traditional RF
front-end circuitry 14, and a first RF antenna 16. The
traditional RF front-end circuitry 14 includes traditional RF
front-end control circuitry 18, first traditional antenna
matching circuitry 20, first traditional RF receive circuitry
22, first traditional RF transmit circuitry 24, a first traditional
RF switch 26, and a second traditional RF switch 28. The
first traditional RF switch 26 is coupled between the first
traditional antenna matching circuitry 20 and the first tradi-
tional RF receive circuitry 22. The second traditional RF
switch 28 is coupled between the first traditional antenna
matching circuitry 20 and the first traditional RF transmit
circuitry 24. The first RF antenna 16 is coupled to the first
traditional antenna matching circuitry 20. The first tradi-
tional antenna matching circuitry 20 provides at least partial
impedance matching between the first RF antenna 16 and
either the first traditional RF receive circuitry 22 or the first
traditional RF transmit circuitry 24.

The traditional RF system control circuitry 12 provides
the necessary control functions needed to facilitate RF
communications between the traditional communications
circuitry 10 and other RF devices. The traditional RF system
control circuitry 12 processes baseband signals needed for
the RF communications. As such, the traditional RF system
control circuitry 12 provides a first traditional upstream
transmit signal TUT1 to the first traditional RF transmit
circuitry 24. The first traditional upstream transmit signal
TUT1 may be a baseband transmit signal, an intermediate
frequency (IF) transmit signal, or an RF transmit signal.
Conversely, the traditional RF system control circuitry 12
receives a first traditional downstream receive signal TDR1
from the first traditional RF receive circuitry 22. The first
traditional downstream receive signal TDR1 may be a
baseband receive signal, an IF receive signal, or an RF
receive signal.

The first traditional RF transmit circuitry 24 may include
up-conversion circuitry, amplification circuitry, power sup-
ply circuitry, filtering circuitry, switching circuitry, combin-
ing circuitry, splitting circuitry, dividing circuitry, clocking
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circuitry, the like, or any combination thereof. Similarly, the
first traditional RF receive circuitry 22 may include down-
conversion circuitry, amplification circuitry, power supply
circuitry, filtering circuitry, switching circuitry, combining
circuitry, splitting circuitry, dividing circuitry, clocking cir-
cuitry, the like, or any combination thereof.

The traditional RF system control circuitry 12 provides a
traditional front-end control signal TFEC to the traditional
RF front-end control circuitry 18. The traditional RF front-
end control circuitry 18 provides a first traditional switch
control signal TCS1 and a second traditional switch control
signal TCS2 to the first traditional RF switch 26 and the
second traditional RF switch 28, respectively, based on the
traditional front-end control signal TFEC. As such, the
traditional RF system control circuitry 12 controls the first
traditional RF switch 26 and the second traditional RF
switch 28 via the traditional front-end control signal TFEC.
The first traditional RF switch 26 is in one of an ON state
and an OFF state based on the first traditional switch control
signal TCS1. The second traditional RF switch 28 is in one
of an ON state and an OFF state based on the second
traditional switch control signal TCS2.

Half-duplex operation of the traditional communications
circuitry 10 is accomplished using the first traditional RF
switch 26 and the second traditional RF switch 28. When the
traditional communications circuitry 10 is transmitting RF
signals via the first RF antenna 16, the first traditional RF
switch 26 is in the OFF state and the second traditional RF
switch 28 is in the ON state. As such, the first traditional
antenna matching circuitry 20 is electrically isolated from
the first traditional RF receive circuitry 22 and the first
traditional antenna matching circuitry 20 is electrically
coupled to the first traditional RF transmit circuitry 24. In
this regard, the traditional RF system control circuitry 12
provides the first traditional upstream transmit signal TUT1
to the first traditional RF transmit circuitry 24, which
provides a traditional transmit signal TTX to the first RF
antenna 16 via the second traditional RF switch 28 and the
first traditional antenna matching circuitry 20 based on the
first traditional upstream transmit signal TUTT.

When the traditional communications circuitry 10 is
receiving RF signals via the first RF antenna 16, the first
traditional RF switch 26 is in the ON state and the second
traditional RF switch 28 is in the OFF state. As such, the first
traditional antenna matching circuitry 20 is isolated from the
first traditional RF transmit circuitry 24 and the first tradi-
tional antenna matching circuitry 20 is electrically coupled
to the first traditional RF receive circuitry 22. In this regard,
the first traditional antenna matching circuitry 20 receives
the RF signals from the first RF antenna 16 and forwards the
RF signals via the first traditional RF switch 26 to the first
traditional RF receive circuitry 22. The first traditional RF
switch 26 provides a traditional receive signal TRX to the
first traditional RF receive circuitry 22, which provides a
first traditional downstream receive signal TDR1 to the
traditional RF system control circuitry 12 based on the
traditional receive signal TRX.

Since the traditional communications circuitry 10 illus-
trated in FIG. 1 is a half-duplex system, during operation,
the first traditional RF switch 26 and the second traditional
RF switch 28 are not simultaneously in the ON state.
Therefore, the first traditional RF receive circuitry 22 and
the first traditional RF transmit circuitry 24 are isolated from
one another. As such, the first traditional RF receive circuitry
22 and the first traditional RF transmit circuitry 24 are
prevented from interfering with one another.
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FIG. 2 shows the traditional communications circuitry 10
according to the prior art. The traditional communications
circuitry 10 illustrated in FIG. 2 is similar to the traditional
communications circuitry 10 illustrated in FIG. 1, except in
the traditional communications circuitry 10 illustrated in
FIG. 2, the traditional RF front-end control circuitry 18, the
first traditional RF switch 26, and the second traditional RF
switch 28 are omitted, and the traditional RF front-end
circuitry 14 further includes a first traditional RF duplexer
30. The first traditional RF duplexer 30 is coupled between
the first traditional antenna matching circuitry 20 and the
first traditional RF receive circuitry 22, and is further
coupled between the first traditional antenna matching cir-
cuitry 20 and the first traditional RF transmit circuitry 24.

The traditional communications circuitry 10 illustrated in
FIG. 2 may be used as a TDD system or a simplex system.
However, the traditional communications circuitry 10 illus-
trated in FIG. 2 may also be used as a frequency-division
duplex (FDD) system, which is capable of transmitting and
receiving RF signals simultaneously. Such a system may
also be called a full-duplex system.

When the traditional communications circuitry 10 is
transmitting RF signals via the first RF antenna 16, the
traditional RF system control circuitry 12 provides the first
traditional upstream transmit signal TUT1 to the first tradi-
tional RF transmit circuitry 24, which provides the tradi-
tional transmit signal TTX to the first RF antenna 16 via first
traditional RF duplexer 30 based on the first traditional
upstream transmit signal TUTI.

When the traditional communications circuitry 10 is
receiving RF signals via the first RF antenna 16, the first
traditional antenna matching circuitry 20 receives the RF
signals from the first RF antenna 16 and forwards the RF
signals via the first traditional RF duplexer 30 to the first
traditional RF receive circuitry 22. As such, the first tradi-
tional RF duplexer 30 provides the traditional receive signal
TRX to the first traditional RF receive circuitry 22, which
provides the first traditional downstream receive signal
TDR1 to the traditional RF system control circuitry 12 based
on the traditional receive signal TRX.

The first traditional RF duplexer 30 provides filtering,
such that the first traditional RF receive circuitry 22 and the
first traditional RF transmit circuitry 24 are substantially
isolated from one another. As such, the first traditional RF
receive circuitry 22 and the first traditional RF transmit
circuitry 24 are prevented from interfering with one another.
Traditional FDD systems using duplexers with high rejec-
tion ratios have a fixed frequency transfer. Covering mul-
tiple communications bands requires multiple duplexers and
switches to route RF signals through appropriate signal
paths.

FIG. 3 shows the traditional communications circuitry 10
according to the prior art. The traditional communications
circuitry 10 illustrated in FIG. 3 is a carrier aggregation
(CA) based system, which is capable of transmitting or
receiving multiple simultaneous transmit signals or multiple
simultaneous receive signals, respectively, or both. Each of
the simultaneous transmit signals is in a frequency band that
is different from each frequency band of a balance of the
simultaneous transmit signals. Similarly, each of the simul-
taneous receive signals is in a frequency band that is
different from each frequency band of a balance of the
simultaneous receive signals. The traditional communica-
tions circuitry 10 may operate as a simplex system, a
half-duplex system, or a full-duplex system.

The traditional communications circuitry 10 includes the
traditional RF system control circuitry 12, the traditional RF
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front-end circuitry 14, the first RF antenna 16, and a second
RF antenna 32. The traditional RF front-end circuitry 14
includes the first traditional antenna matching circuitry 20,
the first traditional RF receive circuitry 22, the first tradi-
tional RF transmit circuitry 24, the first traditional RF
duplexer 30, first traditional antenna switching circuitry 34,
a second traditional RF duplexer 36, a third traditional RF
duplexer 38, second traditional antenna matching circuitry
40, second traditional antenna switching circuitry 42, a
fourth traditional RF duplexer 44, a fifth traditional RF
duplexer 46, a sixth traditional RF duplexer 48, second
traditional RF receive circuitry 50, and second traditional
RF transmit circuitry 52. Traditional CA systems use fixed
frequency filters and diplexers, triplexers, or both to com-
bine signal paths, which increases complexity. Alternatively,
additional switch paths may be used, but may degrade
performance.

The first traditional antenna matching circuitry 20 is
coupled between the first RF antenna 16 and the first
traditional antenna switching circuitry 34. The second tra-
ditional antenna matching circuitry 40 is coupled between
the second RF antenna 32 and the second traditional antenna
switching circuitry 42. The first traditional RF duplexer 30
is coupled between the first traditional antenna switching
circuitry 34 and the first traditional RF receive circuitry 22,
and is further coupled between the first traditional antenna
switching circuitry 34 and the first traditional RF transmit
circuitry 24. The second traditional RF duplexer 36 is
coupled between the first traditional antenna switching cir-
cuitry 34 and the first traditional RF receive circuitry 22, and
is further coupled between the first traditional antenna
switching circuitry 34 and the first traditional RF transmit
circuitry 24. The third traditional RF duplexer 38 is coupled
between the first traditional antenna switching circuitry 34
and the first traditional RF receive circuitry 22, and is further
coupled between the first traditional antenna switching cir-
cuitry 34 and the first traditional RF transmit circuitry 24.

The fourth traditional RF duplexer 44 is coupled between
the second traditional antenna switching circuitry 42 and the
second traditional RF receive circuitry 50, and is further
coupled between the second traditional antenna switching
circuitry 42 and the second traditional RF transmit circuitry
52. The fifth traditional RF duplexer 46 is coupled between
the second traditional antenna switching circuitry 42 and the
second traditional RF receive circuitry 50, and is further
coupled between the second traditional antenna switching
circuitry 42 and the second traditional RF transmit circuitry
52. The sixth traditional RF duplexer 48 is coupled between
the second traditional antenna switching circuitry 42 and the
second traditional RF receive circuitry 50, and is further
coupled between the second traditional antenna switching
circuitry 42 and the second traditional RF transmit circuitry
52.

The first traditional RF duplexer 30 is associated with a
first aggregated receive band, a first aggregated transmit
band, or both. The second traditional RF duplexer 36 is
associated with a second aggregated receive band, a second
aggregated transmit band, or both. The third traditional RF
duplexer 38 is associated with a third aggregated receive
band, a third aggregated transmit band, or both. The fourth
traditional RF duplexer 44 is associated with a fourth
aggregated receive band, a fourth aggregated transmit band,
or both. The fifth traditional RF duplexer 46 is associated
with a fifth aggregated receive band, a fifth aggregated
transmit band, or both. The sixth traditional RF duplexer 48
is associated with a sixth aggregated receive band, a sixth
aggregated transmit band, or both.
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The first traditional antenna switching circuitry 34
couples a selected one of the first traditional RF duplexer 30,
the second traditional RF duplexer 36, and the third tradi-
tional RF duplexer 38 to the first traditional antenna match-
ing circuitry 20. Therefore, the first RF antenna 16 is
associated with a selected one of the first aggregated receive
band, the second aggregated receive band, and the third
aggregated receive band; with a selected one of the first
aggregated transmit band, the second aggregated transmit
band, and the third aggregated transmit band; or both.

Similarly, the second traditional antenna switching cir-
cuitry 42 couples a selected one of the fourth traditional RF
duplexer 44, the fifth traditional RF duplexer 46, and the
sixth traditional RF duplexer 48 to the second traditional
antenna matching circuitry 40. Therefore, the second RF
antenna 32 is associated with a selected one of the fourth
aggregated receive band, the fifth aggregated receive band,
and the sixth aggregated receive band; with a selected one of
the fourth aggregated transmit band, the fifth aggregated
transmit band, and the sixth aggregated transmit band; or
both.

During transmit CA, the traditional RF system control
circuitry 12 provides the first traditional upstream transmit
signal TUT1 to the first traditional RF transmit circuitry 24,
which forwards the first traditional upstream transmit signal
TUT1 to the first RF antenna 16 for transmission via the
selected one of the first traditional RF duplexer 30, the
second traditional RF duplexer 36, and the third traditional
RF duplexer 38; via the first traditional antenna switching
circuitry 34; and via the first traditional antenna matching
circuitry 20.

Additionally, during transmit CA, the traditional RF sys-
tem control circuitry 12 provides a second traditional
upstream transmit signal TUT2 to the second traditional RF
transmit circuitry 52, which forwards the second traditional
upstream transmit signal TUT2 to the second RF antenna 32
for transmission via the selected one of the fourth traditional
RF duplexer 44, the fifth traditional RF duplexer 46, and the
sixth traditional RF duplexer 48; via the second traditional
antenna switching circuitry 42; and via the second tradi-
tional antenna matching circuitry 40.

During receive CA, the first RF antenna 16 forwards a
received RF signal to the first traditional RF receive circuitry
22 via the first traditional antenna matching circuitry 20, the
first traditional antenna switching circuitry 34, and the
selected one of the first traditional RF duplexer 30, the
second traditional RF duplexer 36, and the third traditional
RF duplexer 38. The first traditional RF receive circuitry 22
provides the first traditional downstream receive signal
TDR1 to the traditional RF system control circuitry 12 based
on the received RF signal.

Additionally, during receive CA, the second RF antenna
32 forwards a received RF signal to the second traditional
RF receive circuitry 50 via the second traditional antenna
matching circuitry 40, the second traditional antenna switch-
ing circuitry 42, and the selected one of the fourth traditional
RF duplexer 44, the fifth traditional RF duplexer 46, and the
sixth traditional RF duplexer 48. The second traditional RF
receive circuitry 50 provides a second traditional down-
stream receive signal TDR2 to the traditional RF system
control circuitry 12 based on the received RF signal.

Since only the selected one of the first traditional RF
duplexer 30, the second traditional RF duplexer 36, and the
third traditional RF duplexer 38 is coupled to the first
traditional antenna matching circuitry 20; the first traditional
antenna switching circuitry 34 isolates each of the first
traditional RF duplexer 30, the second traditional RF
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duplexer 36, and the third traditional RF duplexer 38 from
one another; and prevents each of the first traditional RF
duplexer 30, the second traditional RF duplexer 36, and the
third traditional RF duplexer 38 from interfering with one
another.

Similarly, since only the selected one of the fourth tradi-
tional RF duplexer 44, the fifth traditional RF duplexer 46,
and the sixth traditional RF duplexer 48 is coupled to the
second traditional antenna matching circuitry 40; the second
traditional antenna matching circuitry 40 isolates each of the
fourth traditional RF duplexer 44, the fifth traditional RF
duplexer 46, and the sixth traditional RF duplexer 48 from
one another; and prevents each of the fourth traditional RF
duplexer 44, the fifth traditional RF duplexer 46, and the
sixth traditional RF duplexer 48 from interfering with one
another.

FIG. 4 shows RF communications circuitry 54 according
to one embodiment of the RF communications circuitry 54.
The RF communications circuitry 54 includes RF system
control circuitry 56, RF front-end circuitry 58, and the first
RF antenna 16. The RF front-end circuitry 58 includes a first
RF filter structure 60, RF receive circuitry 62, and RF
transmit circuitry 64. The first RF filter structure 60 includes
a first tunable RF filter path 66 and a second tunable RF filter
path 68. Additionally, the first RF filter structure 60 has a
first connection node 70, a second connection node 72, and
a first common connection node 74. In one embodiment of
the RF system control circuitry 56, the RF system control
circuitry 56 is an RF transceiver. In one embodiment of the
first tunable RF filter path 66, the first tunable RF filter path
66 includes a pair of weakly coupled resonators R(1,1),
R(1,2) (FIG. 22). As such, in one embodiment of the first RF
filter structure 60, the RF filter structure 60 includes the pair
of weakly coupled resonators R(1,1), R(1,2) (FIG. 21).

In alternate embodiments of the first RF filter structure 60,
any or all of the first connection node 70, the second
connection node 72, and the first common connection node
74 are external to the first RF filter structure 60. In one
embodiment of the first tunable RF filter path 66, the first
tunable RF filter path 66 includes a first pair (not shown) of
weakly coupled resonators. In one embodiment of the sec-
ond tunable RF filter path 68, the second tunable RF filter
path 68 includes a second pair (not shown) of weakly
coupled resonators.

In one embodiment of the first RF filter structure 60, the
first tunable RF filter path 66 is directly coupled between the
first common connection node 74 and the first connection
node 70, the second tunable RF filter path 68 is directly
coupled between the second connection node 72 and the first
common connection node 74, and the first RF antenna 16 is
directly coupled to the first common connection node 74. In
another embodiment of the RF communications circuitry 54,
the first RF antenna 16 is omitted. Additionally, the RF
receive circuitry 62 is coupled between the first connection
node 70 and the RF system control circuitry 56, and the RF
transmit circuitry 64 is coupled between the second connec-
tion node 72 and the RF system control circuitry 56.

In one embodiment of the RF communications circuitry
54, the first tunable RF filter path 66 is a first RF receive
filter, such that the first RF antenna 16 forwards a received
RF signal via the first common connection node 74 to
provide a first upstream RF receive signal RU1 to the first
tunable RF filter path 66, which receives and filters the first
upstream RF receive signal RU1 to provide a first filtered RF
receive signal RF1 to the RF receive circuitry 62. The RF
receive circuitry 62 may include down-conversion circuitry,
amplification circuitry, power supply circuitry, filtering cir-
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cuitry, switching circuitry, combining circuitry, splitting
circuitry, dividing circuitry, clocking circuitry, the like, or
any combination thereof. The RF receive circuitry 62 pro-
cesses the first filtered RF receive signal RF1 to provide a
first receive signal RX1 to the RF system control circuitry
56.

In one embodiment of the RF communications circuitry
54, the second tunable RF filter path 68 is a first RF transmit
filter, such that the RF system control circuitry 56 provides
a first transmit signal TX1 to the RF transmit circuitry 64,
which processes the first transmit signal TX1 to provide a
first upstream RF transmit signal TU1 to the second tunable
RF filter path 68. The RF transmit circuitry 64 may include
up-conversion circuitry, amplification circuitry, power sup-
ply circuitry, filtering circuitry, switching circuitry, combin-
ing circuitry, splitting circuitry, dividing circuitry, clocking
circuitry, the like, or any combination thereof. The second
tunable RF filter path 68 receives and filters the first
upstream RF transmit signal TU1 to provide a first filtered
RF transmit signal TF1, which is transmitted via the first
common connection node 74 by the first RF antenna 16.

The RF system control circuitry 56 provides a first filter
control signal FCS1 to the first tunable RF filter path 66 and
provides a second filter control signal FCS2 to the second
tunable RF filter path 68. As such, in one embodiment of the
RF communications circuitry 54, the RF system control
circuitry 56 tunes a first filter parameter of the first tunable
RF filter path 66 using the first filter control signal FCS1.
Additionally, the RF system control circuitry 56 tunes a first
filter parameter of the second tunable RF filter path 68 using
the second filter control signal FCS2.

In one embodiment of the RF communications circuitry
54, the first tunable RF filter path 66 and the second tunable
RF filter path 68 do not significantly load one another at
frequencies of interest. As such, by directly coupling the first
tunable RF filter path 66 and the second tunable RF filter
path 68 to the first common connection node 74; front-end
RF switching elements may be avoided, thereby reducing
cost, size, and non-linearity; and increasing efficiency and
flexibility of the RF communications circuitry 54. Since
tunable RF filters can support multiple communications
bands using a single signal path, they can simplify front-end
architectures by eliminating switching and duplexing com-
ponents.

In one embodiment of the RF communications circuitry
54, the RF communications circuitry 54 is used as an FDD
communications system, such that the first upstream RF
receive signal RU1 and the first filtered RF transmit signal
TF1 are full-duplex signals. In an alternate embodiments of
the RF communications circuitry 54, the RF communica-
tions circuitry 54 is used as a TDD communications system,
such that the first upstream RF receive signal RU1 and the
first filtered RF transmit signal TF1 are half-duplex signals.
In additional embodiments of the RF communications cir-
cuitry 54, the RF communications circuitry 54 is used as a
simplex communications system, such that the first upstream
RF receive signal RU1 is a simplex signal and the first
filtered RF transmit signal TF1 is not present. In other
embodiments of the RF communications circuitry 54, the RF
communications circuitry 54 is used as a simplex commu-
nications system, such that the first upstream RF receive
signal RU1 is not present and the first filtered RF transmit
signal TF1 is a simplex signal.

FIG. 5 is a graph illustrating filtering characteristics of the
first tunable RF filter path 66 and the second tunable RF
filter path 68 illustrated in FIG. 4 according to one embodi-
ment of the first tunable RF filter path 66 and the second
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tunable RF filter path 68. The first tunable RF filter path 66
is a first RF bandpass filter, which functions as the first RF
receive filter, and the second tunable RF filter path 68 is a
second RF bandpass filter, which functions as the first RF
transmit filter. A bandwidth 76 of the first RF bandpass filter,
a center frequency 78 of the first RF bandpass filter, a
bandwidth 80 of the second RF bandpass filter, a center
frequency 82 of the second RF bandpass filter, a frequency
84 of the first upstream RF receive signal RU1 (FIG. 4), and
a frequency 86 of the first filtered RF transmit signal TF1
(FIG. 4) are shown. Operation of the first RF bandpass filter
and the second RF bandpass filter is such that the first RF
bandpass filter and the second RF bandpass filter do not
significantly interfere with one another. In this regard, the
bandwidth 76 of the first RF bandpass filter does not overlap
the bandwidth 80 of the second RF bandpass filter.

In one embodiment of the first RF receive filter and the
first RF transmit filter, the first RF receive filter and the first
RF transmit filter in combination function as an RF duplexer.
As such, a duplex frequency 88 of the RF duplexer is about
equal to a difference between the frequency 84 of the first
upstream RF receive signal RU1 (FIG. 4) and the frequency
86 of the first filtered RF transmit signal TF1 (FIG. 4).

In one embodiment of the first tunable RF filter path 66,
the first filter parameter of the first tunable RF filter path 66
is tunable based on the first filter control signal FCS1. In an
alternate embodiment of the first tunable RF filter path 66,
both the first filter parameter of the first tunable RF filter
path 66 and a second filter parameter of the first tunable RF
filter path 66 are tunable based on the first filter control
signal FCS1. Similarly, in one embodiment of the second
tunable RF filter path 68, the first filter parameter of the
second tunable RF filter path 68 is tunable based on the
second filter control signal FCS2. In an alternate embodi-
ment of the second tunable RF filter path 68, both the first
filter parameter of the second tunable RF filter path 68 and
a second filter parameter of the second tunable RF filter path
68 are tunable based on the second filter control signal
FCS2.

The first filter parameter of the first tunable RF filter path
66 is the center frequency 78 of the first RF bandpass filter.
The second filter parameter of the first tunable RF filter path
66 is the bandwidth 76 of the first RF bandpass filter. The
first filter parameter of the second tunable RF filter path 68
is the center frequency 82 of the second RF bandpass filter.
The second filter parameter of the second tunable RF filter
path 68 is the bandwidth 80 of the second RF bandpass filter.

FIGS. 6A and 6B are graphs illustrating filtering charac-
teristics of the first tunable RF filter path 66 and the second
tunable RF filter path 68, respectively, illustrated in FIG. 4
according to an alternate embodiment of the first tunable RF
filter path 66 and the second tunable RF filter path 68,
respectively. The first tunable RF filter path 66 is an RF
lowpass filter and the second tunable RF filter path 68 is an
RF highpass filter. FIG. 6A shows a frequency response
curve 90 of the RF lowpass filter and FIG. 6B shows a
frequency response curve 92 of the RF highpass filter.
Additionally FIG. 6 A shows a break frequency 94 of the RF
lowpass filter and FIG. 6B shows a break frequency 96 of the
RF highpass filter. Both FIGS. 6A and 6B show the fre-
quency 84 of the first upstream RF receive signal RU1 (FIG.
4), the frequency 86 of the first filtered RF transmit signal
TF1 (FIG. 4), and the duplex frequency 88 of the RF
duplexer for clarification. However, the RF lowpass filter
and the RF highpass filter in combination function as an RF
diplexer. The first filter parameter of the first tunable RF
filter path 66 is the break frequency 94 of the RF lowpass
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filter. In one embodiment of the RF lowpass filter, the RF
lowpass filter has bandpass filter characteristics. The first
filter parameter of the second tunable RF filter path 68 is the
break frequency 96 of the RF highpass filter. In one embodi-
ment of the RF highpass filter, the RF highpass filter has
bandpass filter characteristics. In one embodiment of the RF
diplexer, the break frequency 96 of the RF highpass filter is
about equal to the break frequency 94 of the RF lowpass
filter.

FIG. 7 shows the RF communications circuitry 54 accord-
ing to one embodiment of the RF communications circuitry
54. The RF communications circuitry 54 illustrated in FIG.
7 is similar to the RF communications circuitry 54 illustrated
in FIG. 4, except in the RF front-end circuitry 58 illustrated
in FIG. 7, the RF transmit circuitry 64 (FIG. 4) is omitted
and the RF front-end circuitry 58 further includes RF
front-end control circuitry 98.

The RF system control circuitry 56 provides a front-end
control signal FEC to the RF front-end control circuitry 98.
The RF front-end control circuitry 98 provides the first filter
control signal FCS1 and the second filter control signal
FCS2 based on the front-end control signal FEC. In the RF
communications circuitry 54 illustrated in FIG. 4, the RF
system control circuitry 56 provides the first filter control
signal FCS1 and the second filter control signal FCS2
directly. In general, the RF communications circuitry 54
includes control circuitry, which may be either the RF
system control circuitry 56 or the RF front-end control
circuitry 98, that provides the first filter control signal FCS1
and the second filter control signal FCS2. As such, in one
embodiment of the RF communications circuitry 54, the
control circuitry tunes a first filter parameter of the first
tunable RF filter path 66 using the first filter control signal
FCS1. Additionally, the control circuitry tunes a first filter
parameter of the second tunable RF filter path 68 using the
second filter control signal FCS2. In an additional embodi-
ment of the RF communications circuitry 54, the control
circuitry further tunes a second filter parameter of the first
tunable RF filter path 66 using the first filter control signal
FCS1; and the control circuitry further tunes a second filter
parameter of the second tunable RF filter path 68 using the
second filter control signal FCS2.

In alternate embodiments of the first RF filter structure 60,
any or all of the first connection node 70, the second
connection node 72, and the first common connection node
74 are external to the first RF filter structure 60. In one
embodiment of the first tunable RF filter path 66, the first
tunable RF filter path 66 includes a first pair (not shown) of
weakly coupled resonators. In one embodiment of the sec-
ond tunable RF filter path 68, the second tunable RF filter
path 68 includes a second pair (not shown) of weakly
coupled resonators.

In one embodiment of the first RF filter structure 60, the
first tunable RF filter path 66 is directly coupled between the
first common connection node 74 and the first connection
node 70, the second tunable RF filter path 68 is directly
coupled between the second connection node 72 and the first
common connection node 74, and the first RF antenna 16 is
directly coupled to the first common connection node 74. In
another embodiment of the RF communications circuitry 54,
the first RF antenna 16 is omitted. Additionally, the RF
receive circuitry 62 is coupled between the first connection
node 70 and the RF system control circuitry 56, and the RF
receive circuitry 62 is further coupled between the second
connection node 72 and the RF system control circuitry 56.

In one embodiment of the RF communications circuitry
54, the first tunable RF filter path 66 is a first RF receive
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filter, such that the first RF antenna 16 forwards a first
received RF signal via the first common connection node 74
to provide a first upstream RF receive signal RU1 to the first
tunable RF filter path 66, which receives and filters the first
upstream RF receive signal RU1 to provide a first filtered RF
receive signal RF1 to the RF receive circuitry 62. Addition-
ally, the second tunable RF filter path 68 is a second RF
receive filter, such that the first RF antenna 16 forwards a
second received RF signal via the first common connection
node 74 to provide a second upstream RF receive signal
RU2 to the second tunable RF filter path 68, which receives
and filters the second upstream RF receive signal RU2 to
provide a second filtered RF receive signal RF2 to the RF
receive circuitry 62.

The RF receive circuitry 62 may include down-conver-
sion circuitry, amplification circuitry, power supply cir-
cuitry, filtering circuitry, switching circuitry, combining cir-
cuitry, splitting circuitry, dividing circuitry, clocking
circuitry, the like, or any combination thereof. The RF
receive circuitry 62 processes the first filtered RF receive
signal RF1 to provide a first receive signal RX1 to the RF
system control circuitry 56. Additionally, the RF receive
circuitry 62 processes the second filtered RF receive signal
RF2 to provide a second receive signal RX2 to the RF
system control circuitry 56.

In one embodiment of the RF communications circuitry
54, the first tunable RF filter path 66 and the second tunable
RF filter path 68 do not significantly load one another at
frequencies of interest. As such, by directly coupling the first
tunable RF filter path 66 and the second tunable RF filter
path 68 to the first common connection node 74; front-end
RF switching elements may be avoided, thereby reducing
cost, size, and non-linearity; and increasing efficiency and
flexibility of the RF communications circuitry 54.

In this regard, in one embodiment of the first tunable RF
filter path 66 and the second tunable RF filter path 68, each
of the first tunable RF filter path 66 and the second tunable
RF filter path 68 is a bandpass filter having a unique center
frequency. As such, the first filter parameter of each of the
first tunable RF filter path 66 and the second tunable RF
filter path 68 is a unique center frequency.

In an alternate embodiment of the first tunable RF filter
path 66 and the second tunable RF filter path 68, one of the
first tunable RF filter path 66 and the second tunable RF
filter path 68 is a lowpass filter, and another of the first
tunable RF filter path 66 and the second tunable RF filter
path 68 is a highpass filter. As such, the first filter parameter
of each of the first tunable RF filter path 66 and the second
tunable RF filter path 68 is a break frequency.

In an additional embodiment of the first tunable RF filter
path 66 and the second tunable RF filter path 68, one of the
first tunable RF filter path 66 and the second tunable RF
filter path 68 is a lowpass filter, and another of the first
tunable RF filter path 66 and the second tunable RF filter
path 68 is a bandpass filter. As such, the first filter parameter
of one of the first tunable RF filter path 66 and the second
tunable RF filter path 68 is a center frequency, and the first
filter parameter of another of the first tunable RF filter path
66 and the second tunable RF filter path 68 is a break
frequency.

In an additional embodiment of the first tunable RF filter
path 66 and the second tunable RF filter path 68, one of the
first tunable RF filter path 66 and the second tunable RF
filter path 68 is a highpass filter, and another of the first
tunable RF filter path 66 and the second tunable RF filter
path 68 is a bandpass filter. As such, the first filter parameter
of one of the first tunable RF filter path 66 and the second
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tunable RF filter path 68 is a center frequency, and the first
filter parameter of another of the first tunable RF filter path
66 and the second tunable RF filter path 68 is a break
frequency.

In one embodiment of the RF communications circuitry
54, the RF communications circuitry 54 is a receive only CA
system, such that the first tunable RF filter path 66, which is
the first RF receive filter, and the second tunable RF filter
path 68, which is the second RF receive filter, simultane-
ously receive and filter the first upstream RF receive signal
RU1 and the second upstream RF receive signal RU2,
respectively, via the first common connection node 74. As
such, the first RF filter structure 60 functions as a de-
multiplexer. In this regard, each of the first upstream RF
receive signal RU1 and the second upstream RF receive
signal RU2 has a unique carrier frequency. Using receive
CA may increase an effective receive bandwidth of the RF
communications circuitry 54.

In another embodiment of the RF communications cir-
cuitry 54, the RF communications circuitry 54 is a receive
only communications system, such that the first tunable RF
filter path 66, which is the first RF receive filter, and the
second tunable RF filter path 68, which is the second RF
receive filter, do not simultaneously receive and filter the
first upstream RF receive signal RU1 and the second
upstream RF receive signal RU2, respectively. As such, the
first upstream RF receive signal RU1 and the second
upstream RF receive signal RU2 are nonsimultaneous sig-
nals. Each of the first upstream RF receive signal RU1 and
the second upstream RF receive signal RU2 may be asso-
ciated with a unique RF communications band.

FIG. 8 shows the RF communications circuitry 54 accord-
ing to an alternate embodiment of the RF communications
circuitry 54. The RF communications circuitry 54 illustrated
in FIG. 8 is similar to the RF communications circuitry 54
illustrated in FIG. 7, except in the RF front-end circuitry 58
illustrated in FIG. 8, the RF receive circuitry 62 is omitted
and the RF transmit circuitry 64 is included.

The RF system control circuitry 56 provides the front-end
control signal FEC to the RF front-end control circuitry 98.
The RF front-end control circuitry 98 provides the first filter
control signal FCS1 and the second filter control signal
FCS2 based on the front-end control signal FEC. In the RF
communications circuitry 54 illustrated in FIG. 4, the RF
system control circuitry 56 provides the first filter control
signal FCS1 and the second filter control signal FCS2
directly. In general, the RF communications circuitry 54
includes control circuitry, which may be either the RF
system control circuitry 56 or the RF front-end control
circuitry 98, that provides the first filter control signal FCS1
and the second filter control signal FCS2. As such, in one
embodiment of the RF communications circuitry 54, the
control circuitry tunes a first filter parameter of the first
tunable RF filter path 66 using the first filter control signal
FCS1. Additionally, the control circuitry tunes a first filter
parameter of the second tunable RF filter path 68 using the
second filter control signal FCS2. In an additional embodi-
ment of the RF communications circuitry 54, the control
circuitry further tunes a second filter parameter of the first
tunable RF filter path 66 using the first filter control signal
FCS1; and the control circuitry further tunes a second filter
parameter of the second tunable RF filter path 68 using the
second filter control signal FCS2.

In alternate embodiments of the first RF filter structure 60,
any or all of the first connection node 70, the second
connection node 72, and the first common connection node
74 are external to the first RF filter structure 60. In one
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embodiment of the first tunable RF filter path 66, the first
tunable RF filter path 66 includes a first pair (not shown) of
weakly coupled resonators. In one embodiment of the sec-
ond tunable RF filter path 68, the second tunable RF filter
path 68 includes a second pair (not shown) of weakly
coupled resonators.

In one embodiment of the first RF filter structure 60, the
first tunable RF filter path 66 is directly coupled between the
first common connection node 74 and the first connection
node 70, the second tunable RF filter path 68 is directly
coupled between the second connection node 72 and the first
common connection node 74, and the first RF antenna 16 is
directly coupled to the first common connection node 74. In
another embodiment of the RF communications circuitry 54,
the first RF antenna 16 is omitted. Additionally, the RF
transmit circuitry 64 is coupled between the first connection
node 70 and the RF system control circuitry 56, and the RF
transmit circuitry 64 is further coupled between the second
connection node 72 and the RF system control circuitry 56.

In one embodiment of the RF communications circuitry
54, the first tunable RF filter path 66 is a first RF transmit
filter, such that the RF system control circuitry 56 provides
the first transmit signal TX1 to the RF transmit circuitry 64,
which processes the first transmit signal TX1 to provide a
first upstream RF transmit signal TU1 to the first tunable RF
filter path 66. Similarly, the second tunable RF filter path 68
is a second RF transmit filter, such that the RF system
control circuitry 56 provides a second transmit signal TX2
to the RF transmit circuitry 64, which processes the second
transmit signal TX2 to provide a second upstream RF
transmit signal TU2 to the second tunable RF filter path 68.

The RF transmit circuitry 64 may include up-conversion
circuitry, amplification circuitry, power supply circuitry,
filtering circuitry, switching circuitry, combining circuitry,
splitting circuitry, dividing circuitry, clocking circuitry, the
like, or any combination thereof. The first tunable RF filter
path 66 receives and filters the first upstream RF transmit
signal TU1 to provide the first filtered RF transmit signal
TF1, which is transmitted via the first common connection
node 74 by the first RF antenna 16. Similarly, the second
tunable RF filter path 68 receives and filters the second
upstream RF transmit signal TU2 to provide a second
filtered RF transmit signal TF2, which is transmitted via the
first common connection node 74 by the first RF antenna 16.

In one embodiment of the RF communications circuitry
54, the first tunable RF filter path 66 and the second tunable
RF filter path 68 do not significantly load one another at
frequencies of interest. As such, by directly coupling the first
tunable RF filter path 66 and the second tunable RF filter
path 68 to the first common connection node 74; front-end
RF switching elements may be avoided, thereby reducing
cost, size, and non-linearity; and increasing efficiency and
flexibility of the RF communications circuitry 54.

In this regard, in one embodiment of the first tunable RF
filter path 66 and the second tunable RF filter path 68, each
of the first tunable RF filter path 66 and the second tunable
RF filter path 68 is a bandpass filter having a unique center
frequency. As such, the first filter parameter of each of the
first tunable RF filter path 66 and the second tunable RF
filter path 68 is a unique center frequency.

In an alternate embodiment of the first tunable RF filter
path 66 and the second tunable RF filter path 68, one of the
first tunable RF filter path 66 and the second tunable RF
filter path 68 is a lowpass filter, and another of the first
tunable RF filter path 66 and the second tunable RF filter
path 68 is a highpass filter. As such, the first filter parameter
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of each of the first tunable RF filter path 66 and the second
tunable RF filter path 68 is a break frequency.

In an additional embodiment of the first tunable RF filter
path 66 and the second tunable RF filter path 68, one of the
first tunable RF filter path 66 and the second tunable RF
filter path 68 is a lowpass filter, and another of the first
tunable RF filter path 66 and the second tunable RF filter
path 68 is a bandpass filter. As such, the first filter parameter
of one of the first tunable RF filter path 66 and the second
tunable RF filter path 68 is a center frequency, and the first
filter parameter of another of the first tunable RF filter path
66 and the second tunable RF filter path 68 is a break
frequency.

In an additional embodiment of the first tunable RF filter
path 66 and the second tunable RF filter path 68, one of the
first tunable RF filter path 66 and the second tunable RF
filter path 68 is a highpass filter, and another of the first
tunable RF filter path 66 and the second tunable RF filter
path 68 is a bandpass filter. As such, the first filter parameter
of one of the first tunable RF filter path 66 and the second
tunable RF filter path 68 is a center frequency, and the first
filter parameter of another of the first tunable RF filter path
66 and the second tunable RF filter path 68 is a break
frequency.

In one embodiment of the RF communications circuitry
54, the RF communications circuitry 54 is a transmit only
CA system, such that the first tunable RF filter path 66,
which is the first RF transmit filter, and the second tunable
RF filter path 68, which is the second RF transmit filter,
simultaneously receive and filter the first upstream RF
transmit signal TU1 and the second upstream RF transmit
signal TU2, respectively, to simultaneously provide the first
filtered RF transmit signal TF1 and the second filtered RF
transmit signal TF2, respectively, via the first common
connection node 74. As such, the first RF filter structure 60
functions as a multiplexer. In this regard, each of the first
filtered RF transmit signal TF1 and the second filtered RF
transmit signal TF2 has a unique carrier frequency. Using
transmit CA may increase an effective transmit bandwidth of
the RF communications circuitry 54.

In another embodiment of the RF communications cir-
cuitry 54, the RF communications circuitry 54 is a transmit
only communications system, such that the first tunable RF
filter path 66, which is the first RF transmit filter, and the
second tunable RF filter path 68, which is the second RF
transmit filter, do not simultaneously receive and filter the
first upstream RF transmit signal TU1 and the second
upstream RF transmit signal TU2, respectively. As such, the
first filtered RF transmit signal TF1 and the second filtered
RF transmit signal TF2 are nonsimultaneous signals. Each of
the first filtered RF transmit signal TF1 and the second
filtered RF transmit signal TF2 may be associated with a
unique RF communications band.

FIGS. 9A and 9B are graphs illustrating filtering charac-
teristics of the first tunable RF filter path 66 and the second
tunable RF filter path 68, respectively, illustrated in FIG. 8
according to an additional embodiment of the first tunable
RF filter path 66 and the second tunable RF filter path 68,
respectively. FIG. 9A shows a frequency response curve 100
of the first tunable RF filter path 66 and FIG. 9B shows a
frequency response curve 102 of the second tunable RF filter
path 68. The first tunable RF filter path 66 and the second
tunable RF filter path 68 are both bandpass filters having the
frequency response curves 100, 102 illustrated in FIGS. 9A
and 9B, respectively. In this regard, the first tunable RF filter
path 66 and the second tunable RF filter path 68 can be
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directly coupled to one another via the first common con-
nection node 74 (FIG. 8) without interfering with one
another.

FIGS. 10A and 10B are graphs illustrating filtering char-
acteristics of the first traditional RF duplexer 30 and the
second traditional RF duplexer 36, respectively, illustrated
in FIG. 3 according to the prior art. FIG. 10A shows a
frequency response curve 104 of the first traditional RF
duplexer 30 and FIG. 10B shows a frequency response curve
106 of the second traditional RF duplexer 36. There is
interference 108 between the frequency response curve 104
of the first traditional RF duplexer 30 and the frequency
response curve 106 of the second traditional RF duplexer 36
as shown in FIGS. 10A and 10B. In this regard, the first
traditional RF duplexer 30 and the second traditional RF
duplexer 36 cannot be directly coupled to one another
without interfering with one another. To avoid interference
between different filters, traditional systems use RF switches
to disconnect unused filters.

FIG. 11 shows the RF communications circuitry 54
according to one embodiment of the RF communications
circuitry 54. The RF communications circuitry 54 illustrated
in FIG. 11 is similar to the RF communications circuitry 54
illustrated in FIG. 8, except in the RF communications
circuitry 54 illustrated in FIG. 11, the RF front-end circuitry
58 further includes the RF receive circuitry 62 and the first
RF filter structure 60 further includes a third tunable RF
filter path 110 and a fourth tunable RF filter path 112.
Additionally, the RF front-end circuitry 58 has the first
connection node 70, the second connection node 72, the first
common connection node 74, a third connection node 114
and a fourth connection node 116, such that all of the first
connection node 70, the second connection node 72, the first
common connection node 74, the third connection node 114
and the fourth connection node 116 are external to the first
RF filter structure 60. In an alternate of the RF front-end
circuitry 58, any or all of the first connection node 70, the
second connection node 72, the first common connection
node 74, a third connection node 114 and a fourth connec-
tion node 116 are internal to the first RF filter structure 60.

The RF front-end control circuitry 98 further provides a
third filter control signal FCS3 to the third tunable RF filter
path 110 and a fourth filter control signal FCS4 to the fourth
tunable RF filter path 112 based on the front-end control
signal FEC. In one embodiment of the RF communications
circuitry 54, the control circuitry tunes a first filter parameter
of the third tunable RF filter path 110 using the third filter
control signal FCS3. Additionally, the control circuitry tunes
a first filter parameter of the fourth tunable RF filter path 112
using the fourth filter control signal FCS4. In an additional
embodiment of the RF communications circuitry 54, the
control circuitry further tunes a second filter parameter of
the third tunable RF filter path 110 using the third filter
control signal FCS3; and the control circuitry further tunes
a second filter parameter of the fourth tunable RF filter path
112 using the fourth filter control signal FCS4.

In one embodiment of the third tunable RF filter path 110,
the third tunable RF filter path 110 includes a third pair (not
shown) of weakly coupled resonators. In one embodiment of
the fourth tunable RF filter path 112, the fourth tunable RF
filter path 112 includes a fourth pair (not shown) of weakly
coupled resonators.

In one embodiment of the third tunable RF filter path 110
and the fourth tunable RF filter path 112, the third tunable
RF filter path 110 is directly coupled between the first
common connection node 74 and the third connection node
114, and the fourth tunable RF filter path 112 is directly
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coupled between the fourth connection node 116 and the first
common connection node 74. In another embodiment of the
RF communications circuitry 54, the first RF antenna 16 is
omitted. Additionally, the RF receive circuitry 62 is coupled
between the third connection node 114 and the RF system
control circuitry 56, and the RF receive circuitry 62 is
further coupled between the fourth connection node 116 and
the RF system control circuitry 56.

In one embodiment of the RF communications circuitry
54, the third tunable RF filter path 110 is the first RF receive
filter, such that the first RF antenna 16 forwards a first
received RF signal via the first common connection node 74
to provide the first upstream RF receive signal RU1 to the
third tunable RF filter path 110, which receives and filters
the first upstream RF receive signal RU1 to provide the first
filtered RF receive signal RF1 to the RF receive circuitry 62.
Additionally, the fourth tunable RF filter path 112 is a
second RF receive filter, such that the first RF antenna 16
forwards a second received RF signal via the first common
connection node 74 to provide the second upstream RF
receive signal RU2 to the fourth tunable RF filter path 112,
which receives and filters the second upstream RF receive
signal RU2 to provide the second filtered RF receive signal
RF2 to the RF receive circuitry 62.

The RF receive circuitry 62 may include down-conver-
sion circuitry, amplification circuitry, power supply cir-
cuitry, filtering circuitry, switching circuitry, combining cir-
cuitry, splitting circuitry, dividing circuitry, clocking
circuitry, the like, or any combination thereof. The RF
receive circuitry 62 processes the first filtered RF receive
signal RF1 to provide the first receive signal RX1 to the RF
system control circuitry 56. Additionally, the RF receive
circuitry 62 processes the second filtered RF receive signal
RF2 to provide the second receive signal RX2 to the RF
system control circuitry 56.

In one embodiment of the RF communications circuitry
54, the first tunable RF filter path 66, the second tunable RF
filter path 68, the third tunable RF filter path 110, and the
fourth tunable RF filter path 112 do not significantly load
one another at frequencies of interest. As such, by directly
coupling the first tunable RF filter path 66, the second
tunable RF filter path 68, the third tunable RF filter path 110,
and the fourth tunable RF filter path 112 to the first common
connection node 74; front-end RF switching elements may
be avoided, thereby reducing cost, size, and non-linearity;
and increasing efficiency and flexibility of the RF commu-
nications circuitry 54.

In this regard, in one embodiment of the third tunable RF
filter path 110 and the fourth tunable RF filter path 112, each
of the third tunable RF filter path 110 and the fourth tunable
RF filter path 112 is a bandpass filter having a unique center
frequency. As such, the first filter parameter of each of the
third tunable RF filter path 110 and the fourth tunable RF
filter path 112 is a unique center frequency.

In an alternate embodiment of the third tunable RF filter
path 110 and the fourth tunable RF filter path 112, one of the
third tunable RF filter path 110 and the fourth tunable RF
filter path 112 is a lowpass filter, and another of the third
tunable RF filter path 110 and the fourth tunable RF filter
path 112 is a highpass filter. As such, the first filter parameter
of each of the third tunable RF filter path 110 and the fourth
tunable RF filter path 112 is a break frequency.

In an additional embodiment of the third tunable RF filter
path 110 and the fourth tunable RF filter path 112, one of the
third tunable RF filter path 110 and the fourth tunable RF
filter path 112 is a lowpass filter, and another of the third
tunable RF filter path 110 and the fourth tunable RF filter
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path 112 is a bandpass filter. As such, the first filter param-
eter of one of the third tunable RF filter path 110 and the
fourth tunable RF filter path 112 is a center frequency, and
the first filter parameter of another of the third tunable RF
filter path 110 and the fourth tunable RF filter path 112 is a
break frequency.

In an additional embodiment of the third tunable RF filter
path 110 and the fourth tunable RF filter path 112, one of the
third tunable RF filter path 110 and the fourth tunable RF
filter path 112 is a highpass filter, and another of the third
tunable RF filter path 110 and the fourth tunable RF filter
path 112 is a bandpass filter. As such, the first filter param-
eter of one of the third tunable RF filter path 110 and the
fourth tunable RF filter path 112 is a center frequency, and
the first filter parameter of another of the third tunable RF
filter path 110 and the fourth tunable RF filter path 112 is a
break frequency.

In one embodiment of the RF communications circuitry
54, the RF communications circuitry 54 is a CA system, such
that the third tunable RF filter path 110, which is the first RF
receive filter, and the fourth tunable RF filter path 112,
which is the second RF receive filter, simultaneously receive
and filter the first upstream RF receive signal RU1 and the
second upstream RF receive signal RU2, respectively, via
the first common connection node 74. As such, the first RF
filter structure 60 functions as a de-multiplexer using the
third tunable RF filter path 110 and the fourth tunable RF
filter path 112. In one embodiment of the first RF filter
structure 60, the first RF filter structure 60 further functions
as a multiplexer using the first tunable RF filter path 66 and
the second tunable RF filter path 68. In this regard, each of
the first upstream RF receive signal RU1 and the second
upstream RF receive signal RU2 has a unique carrier fre-
quency.

In another embodiment of the RF communications cir-
cuitry 54, the RF communications circuitry 54 is a receive
communications system, such that the third tunable RF filter
path 110, which is the first RF receive filter, and the fourth
tunable RF filter path 112, which is the second RF receive
filter, do not simultaneously receive and filter the first
upstream RF receive signal RU1 and the second upstream
RF receive signal RU2, respectively. As such, the first
upstream RF receive signal RU1 and the second upstream
RF receive signal RU2 are nonsimultaneous signals. Each of
the first upstream RF receive signal RU1 and the second
upstream RF receive signal RU2 may be associated with a
unique RF communications band.

FIG. 12 shows the RF communications circuitry 54
according to an alternate embodiment of the RF communi-
cations circuitry 54. The RF communications circuitry 54
illustrated in FIG. 12 is similar to the RF communications
circuitry 54 illustrated in FIG. 11, except the RF commu-
nications circuitry 54 illustrated in FIG. 12 further includes
the second RF antenna 32. Additionally, the RF front-end
circuitry 58 further includes a second common connection
node 118 and a second RF filter structure 120. The third
tunable RF filter path 110 and the fourth tunable RF filter
path 112 are included in the second RF filter structure 120
instead of being included in the first RF filter structure 60.
Instead of being coupled to the first common connection
node 74, the third tunable RF filter path 110 and the fourth
tunable RF filter path 112 are coupled to the second common
connection node 118. In one embodiment of the third tunable
RF filter path 110 and the fourth tunable RF filter path 112,
the third tunable RF filter path 110 and the fourth tunable RF
filter path 112 are directly coupled to the second common
connection node 118. In one embodiment of the RF com-
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munications circuitry 54, the second RF antenna 32 is
coupled to the second common connection node 118.

FIG. 13 shows the RF communications circuitry 54
according to an additional embodiment of the RF commu-
nications circuitry 54. The RF communications circuitry 54
illustrated in FIG. 13 is similar to the RF communications
circuitry 54 illustrated in FIG. 12, except in the RF com-
munications circuitry 54 illustrated in FIG. 13, the RF
front-end control circuitry 98 provides a front-end status
signal FES to the RF system control circuitry 56. Addition-
ally, the RF front-end control circuitry 98 provides a first
calibration control signal CCS1 and up to and including an
N calibration control signal CCSN to the first RF filter
structure 60. The RF front-end control circuitry 98 provides
a P™ calibration control signal CCSP and up to and includ-
ing an X™ calibration control signal CCSX to the second RF
filter structure 120. Details of the first RF filter structure 60
and the second RF filter structure 120 are not shown to
simplify FIG. 13.

The first RF filter structure 60 provides a first calibration
status signal CSS1 and up to and including a Q™ calibration
status signal CSSQ to the RF front-end control circuitry 98.
The second RF filter structure 120 provides an R calibra-
tion status signal CSSR and up to and including a Y™
calibration status signal CSSY to the RF front-end control
circuitry 98. In an alternate embodiment of the RF front-end
circuitry 58, any or all of the N calibration control signal
CCSN, the Q™ calibration status signal CSSQ, the X™
calibration control signal CCSX, and the Y™ calibration
status signal CSSY are omitted.

In one embodiment of the RF front-end circuitry 58, the
RF front-end circuitry 58 operates in one of a normal
operating mode and a calibration mode. During the calibra-
tion mode, the RF front-end control circuitry 98 performs a
calibration of the first RF filter structure 60, the second RF
filter structure 120, or both. As such, the RF front-end
control circuitry 98 provides any or all of the filter control
signals FCS1, FCS2, FCS3, FCS4 and any or all of the
calibration control signals CCS1, CCSN, CCSP, CCSX
needed for calibration. Further, the RF front-end control
circuitry 98 receives any or all of the calibration status
signals CSS1, CSSQ, CSSR, CSSY needed for calibration.

During the normal operating mode, the RF front-end
control circuitry 98 provides any or all of the filter control
signals FCS1, FCS2, FCS3, FCS4 and any or all of the
calibration control signals CCS1, CCSN, CCSP, CCSX
needed for normal operation. Further, the RF front-end
control circuitry 98 receives any or all of the calibration
status signals CSS1, CSSQ, CSSR, CSSY needed for normal
operation. Any or all of the calibration control signals CCS1,
CCSN, CCSP, CCSX may be based on the front-end control
signal FEC. The front-end status signal FES may be based
on any or all of the calibration status signals CSS1, CSSQ,
CSSR, CSSY. Further, during the normal operating mode,
the RF front-end circuitry 58 processes signals as needed for
normal operation. Other embodiments described in the pres-
ent disclosure may be associated with normal operation.

The RF communications circuitry 54 illustrated in FIG.
13 includes the first RF antenna 16 and the second RF
antenna 32. In general, the RF communications circuitry 54
is a multiple antenna system. A single-input single-output
(SISO) antenna system is a system in which RF transmit
signals may be transmitted from the first RF antenna 16 and
RF receive signals may be received via the second RF
antenna 32. In one embodiment of the RF communications



US 9,484,879 B2

23

circuitry 54, the antenna system in the RF communications
circuitry 54 is a SISO antenna system, as illustrated in FIG.
13.

A single-input multiple-output (SIMO) antenna system is
a system in which RF transmit signals may be simultane-
ously transmitted from the first RF antenna 16 and the
second RF antenna 32, and RF receive signals may be
received via the second RF antenna 32. In an alternate
embodiment of the RF communications circuitry 54, the
second RF filter structure 120 is coupled to the RF transmit
circuitry 64, such that the antenna system in the RF com-
munications circuitry 54 is a SIMO antenna system.

A multiple-input single-output (MISO) antenna system is
a system in which RF transmit signals may be transmitted
from the first RF antenna 16, and RF receive signals may be
simultaneously received via the first RF antenna 16 and the
second RF antenna 32. In an additional embodiment of the
RF communications circuitry 54, the first RF filter structure
60 is coupled to the RF receive circuitry 62, such that the
antenna system in the RF communications circuitry 54 is a
MISO antenna system.

A multiple-input multiple-output (MIMO) antenna system
is a system in which RF transmit signals may be simulta-
neously transmitted from the first RF antenna 16 and the
second RF antenna 32, and RF receive signals may be
simultaneously received via the first RF antenna 16 and the
second RF antenna 32. In another embodiment of the RF
communications circuitry 54, the second RF filter structure
120 is coupled to the RF transmit circuitry 64 and the first
RF filter structure 60 is coupled to the RF receive circuitry
62, such that the antenna system in the RF communications
circuitry 54 is a MIMO antenna system.

FIG. 14 shows the RF communications circuitry 54
according to another embodiment of the RF communications
circuitry 54. The RF communications circuitry 54 illustrated
in FIG. 14 is similar to the RF communications circuitry 54
illustrated in FIG. 11, except in the RF communications
circuitry 54 illustrated in FIG. 14, the first RF filter structure
60 further includes a fifth tunable RF filter path 122 and a
sixth tunable RF filter path 124, and the RF front-end
circuitry 58 further includes a fifth connection node 126 and
a sixth connection node 128. Additionally, the RF front-end
control circuitry 98 shown in FIG. 11 is not shown in FIG.
14 to simplity FIG. 14.

In one embodiment of the fifth tunable RF filter path 122,
the fifth tunable RF filter path 122 includes a fifth pair (not
shown) of weakly coupled resonators. In one embodiment of
the sixth tunable RF filter path 124, the sixth tunable RF
filter path 124 includes a sixth pair (not shown) of weakly
coupled resonators.

In one embodiment of the fifth tunable RF filter path 122
and the sixth tunable RF filter path 124, the fifth tunable RF
filter path 122 is directly coupled between the first common
connection node 74 and the fifth connection node 126, and
the sixth tunable RF filter path 124 is directly coupled
between the sixth connection node 128 and the first common
connection node 74. In another embodiment of the RF
communications circuitry 54, the first RF antenna 16 is
omitted. Additionally, the RF receive circuitry 62 is further
coupled between the sixth connection node 128 and the RF
system control circuitry 56, and the RF transmit circuitry 64
is further coupled between the fifth connection node 126 and
the RF system control circuitry 56.

In one embodiment of the RF communications circuitry
54, the sixth tunable RF filter path 124 is a third RF receive
filter, such that the first RF antenna 16 forwards a third
received RF signal via the first common connection node 74
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to provide a third upstream RF receive signal RU3 to the
sixth tunable RF filter path 124, which receives and filters
the third upstream RF receive signal RU3 to provide a third
filtered RF receive signal RF3 to the RF receive circuitry 62,
which processes the third filtered RF receive signal RF3 to
provide the third receive signal RX3 to the RF system
control circuitry 56.

In one embodiment of the RF communications circuitry
54, the fifth tunable RF filter path 122 is a third RF transmit
filter, such that the RF system control circuitry 56 provides
a third transmit signal TX3 to the RF transmit circuitry 64,
which processes the third transmit signal TX3 to provide a
third upstream RF transmit signal TU3 to the fifth tunable
RF filter path 122. The fifth tunable RF filter path 122
receives and filters the third upstream RF transmit signal
TU3 to provide a third filtered RF transmit signal TF3,
which is transmitted via the first common connection node
74 by the first RF antenna 16.

In one embodiment of the RF communications circuitry
54, the first tunable RF filter path 66, the second tunable RF
filter path 68, the third tunable RF filter path 110, the fourth
tunable RF filter path 112, the fifth tunable RF filter path
122, and the sixth tunable RF filter path 124 do not signifi-
cantly load one another at frequencies of interest. Therefore,
antenna switching circuitry 34, 42 (FIG. 3) may be avoided.
As such, by directly coupling the first tunable RF filter path
66, the second tunable RF filter path 68, the third tunable RF
filter path 110, the fourth tunable RF filter path 112, the fifth
tunable RF filter path 122 and the sixth tunable RF filter path
124 to the first common connection node 74; front-end RF
switching elements may be avoided, thereby reducing cost,
size, and non-linearity; and increasing efficiency and flex-
ibility of the RF communications circuitry 54.

In one embodiment of the RF communications circuitry
54, the RF communications circuitry 54 is an FDD commu-
nications system, such that each of the first tunable RF filter
path 66, the second tunable RF filter path 68, the third
tunable RF filter path 110, the fourth tunable RF filter path
112, the fifth tunable RF filter path 122, and the sixth tunable
RF filter path 124 is a bandpass filter having a unique center
frequency. As such, in one embodiment of the RF system
control circuitry 56, the first filter parameter of each of the
first tunable RF filter path 66, the second tunable RF filter
path 68, the third tunable RF filter path 110, the fourth
tunable RF filter path 112, the fifth tunable RF filter path
122, and the sixth tunable RF filter path 124 is a unique
center frequency.

FIG. 15 shows the RF communications circuitry 54
according to a further embodiment of the RF communica-
tions circuitry 54. The RF communications circuitry 54
illustrated in FIG. 15 is similar to the RF communications
circuitry 54 illustrated in FIG. 4, except in the RF commu-
nications circuitry 54 illustrated in FIG. 15, the RF front-end
circuitry 58 further includes an RF antenna switch 130 and
the third connection node 114. Additionally, the first RF
filter structure 60 further includes the third tunable RF filter
path 110. Instead of the first RF antenna 16 being directly
coupled to the first common connection node 74, as illus-
trated in FIG. 4, the RF antenna switch 130 is coupled
between the first RF antenna 16 and the first common
connection node 74. As such, the first common connection
node 74 is coupled to the first RF antenna 16 via the RF
antenna switch 130. In this regard, the RF communications
circuitry 54 is a hybrid RF communications system.

The RF antenna switch 130 has an antenna switch com-
mon connection node 132, an antenna switch first connec-
tion node 134, an antenna switch second connection node
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136, and an antenna switch third connection node 138. The
antenna switch common connection node 132 is coupled to
the first RF antenna 16. In one embodiment of the RF
antenna switch 130, the antenna switch common connection
node 132 is directly coupled to the first RF antenna 16. The
antenna switch first connection node 134 is coupled to the
first common connection node 74. In one embodiment of the
RF antenna switch 130, the antenna switch first connection
node 134 is directly coupled to the first common connection
node 74. The antenna switch second connection node 136
may be coupled to other circuitry (not shown). The antenna
switch third connection node 138 may be coupled to other
circuitry (not shown). In another embodiment of the RF
antenna switch 130, the antenna switch third connection
node 138 is omitted. In a further embodiment of the RF
antenna switch 130, the RF antenna switch 130 has at least
one additional connection node.

The RF system control circuitry 56 provides a switch
control signal SCS to the RF antenna switch 130. As such,
the RF system control circuitry 56 selects one of the antenna
switch first connection node 134, the antenna switch second
connection node 136, and the antenna switch third connec-
tion node 138 to be coupled to the antenna switch common
connection node 132 using the switch control signal SCS.

The third tunable RF filter path 110 is directly coupled
between the first common connection node 74 and the third
connection node 114. In one embodiment of the RF com-
munications circuitry 54, the third tunable RF filter path 110
is a second RF receive filter, such that the first RF antenna
16 forwards a received RF signal via the RF antenna switch
130 and the first common connection node 74 to provide the
second upstream RF receive signal RU2 to the third tunable
RF filter path 110, which receives and filters the second
upstream RF receive signal RU2 to provide the second
filtered RF receive signal RF2 to the RF receive circuitry 62.
The RF receive circuitry 62 processes the second filtered RF
receive signal RF2 to provide a second receive signal RX2
to the RF system control circuitry 56.

The RF system control circuitry 56 further provides the
third filter control signal FCS3. As such, in one embodiment
of the RF communications circuitry 54, the RF system
control circuitry 56 tunes a first filter parameter of the third
tunable RF filter path 110 using the third filter control signal
FCS3. In one embodiment of the RF communications cir-
cuitry 54, the RF communications circuitry 54 uses the
second tunable RF filter path 68 and the third tunable RF
filter path 110 to provide receive CA. In an alternate
embodiment of the RF communications circuitry 54, tunable
RF filters allow for sharing a signal path to provide both an
FDD signal path and a TDD signal path, thereby lowering
front-end complexity.

FIG. 16 shows the RF communications circuitry 54
according to one embodiment of the RF communications
circuitry 54. The RF communications circuitry 54 illustrated
in FIG. 16 is similar to the RF communications circuitry 54
illustrated in FIG. 15, except in the RF communications
circuitry 54 illustrated in FIG. 16, the third tunable RF filter
path 110 is omitted. Additionally, in one embodiment of the
RF communications circuitry 54, the RF receive circuitry
62, the RF transmit circuitry 64, and the first RF filter
structure 60 are all broadband devices. As such, the RF
communications circuitry 54 is broadband circuitry capable
of processing RF signals having wide frequency ranges.

FIG. 17 shows the RF communications circuitry 54
according to an alternate embodiment of the RF communi-
cations circuitry 54. The RF communications circuitry 54
illustrated in FIG. 17 is similar to the RF communications
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circuitry 54 illustrated in FIG. 16, except in the RF com-
munications circuitry 54 illustrated in FIG. 17, the RF
receive circuitry 62 is omitted and the RF front-end circuitry
58 further includes a first RF front-end circuit 140, a second
RF front-end circuit 142, and a third RF front-end circuit
144.

The first RF front-end circuit 140 includes the RF transmit
circuitry 64. The second RF front-end circuit 142 includes
the first RF filter structure 60, the first connection node 70,
the second connection node 72, and the first common
connection node 74. The third RF front-end circuit 144
includes the RF antenna switch 130. In one embodiment of
the first RF front-end circuit 140, the first RF front-end
circuit 140 is a first RF front-end integrated circuit (IC). In
one embodiment of the second RF front-end circuit 142, the
second RF front-end circuit 142 is a second RF front-end IC.
In one embodiment of the third RF front-end circuit 144, the
third RF front-end circuit 144 is a third RF front-end IC.

FIG. 18 shows the RF communications circuitry 54
according to an additional embodiment of the RF commu-
nications circuitry 54. The RF communications circuitry 54
illustrated in FIG. 18 is similar to the RF communications
circuitry 54 illustrated in FIG. 16, except in the RF com-
munications circuitry 54 illustrated in FIG. 18, the RF
receive circuitry 62 is omitted and the RF front-end circuitry
58 further includes the first RF front-end circuit 140 and the
second RF front-end circuit 142.

The first RF front-end circuit 140 includes the RF transmit
circuitry 64. The second RF front-end circuit 142 includes
the first RF filter structure 60, the RF antenna switch 130, the
first connection node 70, the second connection node 72, and
the first common connection node 74. In one embodiment of
the first RF front-end circuit 140, the first RF front-end
circuit 140 is the first RF front-end IC. In one embodiment
of the second RF front-end circuit 142, the second RF
front-end circuit 142 is the second RF front-end IC.

FIG. 19 shows the RF communications circuitry 54
according to another embodiment of the RF communications
circuitry 54. The RF communications circuitry 54 illustrated
in FIG. 19 is similar to the RF communications circuitry 54
illustrated in FIG. 16, except in the RF communications
circuitry 54 illustrated in FIG. 19, the RF receive circuitry 62
is omitted and the RF front-end circuitry 58 further includes
the first RF front-end circuit 140.

The first RF front-end circuit 140 includes the RF transmit
circuitry 64, the first RF filter structure 60, the RF antenna
switch 130, the first connection node 70, the second con-
nection node 72, and the first common connection node 74.
In one embodiment of the first RF front-end circuit 140, the
first RF front-end circuit 140 is the first RF front-end IC.

FIG. 20 shows the RF communications circuitry 54
according to a further embodiment of the RF communica-
tions circuitry 54. The RF communications circuitry 54
illustrated in FIG. 20 is a TDD system, which is capable of
transmitting and receiving RF signals, but not simultane-
ously. As such, the RF communications circuitry 54 illus-
trated in FIG. 20 is similar to the RF communications
circuitry 54 illustrated in FIG. 4, except in the RF commu-
nications circuitry 54 illustrated in FIG. 20, the second
tunable RF filter path 68 and the second connection node 72
are omitted, and the RF front-end circuitry 58 further
includes an RF transmit/receive switch 146 coupled between
the first tunable RF filter path 66 and the RF receive circuitry
62, and further coupled between the first tunable RF filter
path 66 and the RF transmit circuitry 64.

Since the RF communications circuitry 54 does not simul-
taneously transmit and receive RF signals, the first tunable
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RF filter path 66 provides front-end transmit filtering when
the RF communications circuitry 54 is transmitting RF
signals and the first tunable RF filter path 66 provides
front-end receive filtering when the RF communications
circuitry 54 is receiving RF signals. In this regard, the first
tunable RF filter path 66 processes half-duplex signals.

The RF transmit/receive switch 146 has a transmit/receive
switch common connection node 148, a transmit/receive
switch first connection node 150, and a transmit/receive
switch second connection node 152. The RF receive cir-
cuitry 62 is coupled between the RF system control circuitry
56 and the transmit/receive switch second connection node
152. The RF transmit circuitry 64 is coupled between the RF
system control circuitry 56 and the transmit/receive switch
first connection node 150. The first connection node 70 is
coupled to the transmit/receive switch common connection
node 148.

The RF system control circuitry 56 provides a switch
control signal SCS to the RF transmit/receive switch 146. As
such, the RF system control circuitry 56 selects either the
transmit/receive switch first connection node 150 or the
transmit/receive switch second connection node 152 to be
coupled to the transmit/receive switch common connection
node 148 using the switch control signal SCS. Therefore,
when the RF communications circuitry 54 is transmitting RF
signals, the RF transmit circuitry 64 is coupled to the first
tunable RF filter path 66 and the RF receive circuitry 62 is
not coupled to the first tunable RF filter path 66. Conversely,
when the RF communications circuitry 54 is receiving RF
signals, the RF receive circuitry 62 is coupled to the first
tunable RF filter path 66 and the RF transmit circuitry 64 is
not coupled to the first tunable RF filter path 66.

FIG. 21 illustrates an exemplary embodiment of the first
RF filter structure 60. The first RF filter structure 60 includes
a plurality of resonators (referred to generically as elements
R and specifically as elements R(i,j), where an integer i
indicates a row position and an integer j indicates a column
position, where 1=i<M, 1=j=<N and M is any integer greater
than 1 and N is any integer greater than to 1. It should be
noted that in alternative embodiments the number of reso-
nators R in each row and column may be the same or
different). The first tunable RF filter path 66 includes row 1
of weakly coupled resonators R(1,1), R(1,2) through (R(1,
N). All of the weakly coupled resonators R(1,1), R(1,2)
through (R(1,N) are weakly coupled to one another. Fur-
thermore, the first tunable RF filter path 66 is electrically
connected between terminal 200 and terminal 202. In this
manner, the first tunable RF filter path 66 is configured to
receive RF signals and output filtered RF signals. The
second tunable RF filter path 68 includes row M of weakly
coupled resonators R(M,1), R(M,2) through R(M,N). All of
the weakly coupled resonators R(M,1), R(M,2) through
R(M,N) are weakly coupled to one another. Furthermore, the
second tunable RF filter path 68 is electrically connected
between terminal 204 and terminal 206. In this manner, the
second tunable RF filter path 68 is configured to receive RF
signals and output filtered RF signals. It should be noted that
the first RF filter structure 60 may include any number of
tunable RF filter paths, such as, for example, the third
tunable RF filter path 110, the fourth tunable RF filter path
112, the fifth tunable RF filter path 122, and the sixth tunable
RF filter path 124, described above with respect to FIGS.
11-14. Each of the resonators R may be a tunable resonator,
which allows for a resonant frequency of each of the
resonators R to be varied to along a frequency range. In
some embodiments, not all of the couplings between the
resonators R are weak. A hybrid architecture having at least
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one pair of weakly coupled resonators R and strongly or
moderately coupled resonators R is also possible.

Cross-coupling capacitive structures C are electrically
connected to and between the resonators R. In this embodi-
ment, each of the cross-coupling capacitive structures C is a
variable cross-coupling capacitive structure, such as a varac-
tor or an array of capacitors. To be independent, the mag-
netic couplings may be negligible. Alternatively, the cross-
coupling capacitive structures C may simply be provided by
a capacitor with a fixed capacitance. With regard to the
exemplary embodiment shown in FIG. 21, the tunable RF
filter paths of the first RF filter structure 60 are independent
of'one another. As such, the first tunable RF filter path 66 and
the second tunable RF filter path 68 are independent of one
another and thus do not have cross-coupling capacitive
structures C between their resonators. Thus, in this embodi-
ment, the cross-coupling capacitive structures C do not
connect any of the weakly coupled resonators R(1,1), R(1,2)
through (R(1,N) to any of the weakly coupled resonators
R(M,1), R(M,2) through (R(M,N). This provides increased
isolation between the first tunable RF filter path 66 and the
second tunable RF filter path 68. In general, energy transfer
between two weakly coupled resonators R in the first tunable
RF filter path 66 and the second tunable RF filter path 68
may be provided by multiple energy transfer components.
For example, energy may be transferred between the reso-
nators R only through mutual magnetic coupling, only
through mutual electric coupling, or through both mutual
electric coupling and mutual magnetic coupling. Ideally, all
of'the mutual coupling coeflicients are provided as designed,
but in practice, the mutual coupling coeflicients also be the
result of parasitics. The inductors of the resonators R may
also have magnetic coupling between them. A total coupling
between the resonators R is given by the sum of magnetic
and electric coupling.

In order to provide the transfer functions of the tunable RF
filter paths 66, 68 with high out-of-band attenuation and a
relatively low filter order, the tunable RF filter paths 66, 68
are configured to adjust notches in the transfer function,
which are provided by the resonators R within the tunable
RF filter paths 66, 68. The notches can be provided using
parallel tanks connected in series or in shunt along a signal
path of the first tunable RF filter path 66. To provide the
notches, the parallel tanks operate approximately as an open
circuit or as short circuits at certain frequencies. The notches
can also be provided using multi-signal path cancellation. In
this case, the tunable RF filter paths 66, 68 may be smaller
and/or have fewer inductors. To tune the total mutual cou-
pling coefficients between the resonators R towards a
desired value, the tunable RF filter paths 66, 68 are config-
ured to vary variable electric coupling coefficients so that
parasitic couplings between the resonators R in the tunable
RF filter paths 66, 68 are absorbed into a desired frequency
transfer function.

FIG. 22 illustrates an exemplary embodiment of the first
tunable RF filter path 66 in the first RF filter structure 60
shown in FIG. 21. While the exemplary embodiment shown
in FIG. 22 is of the first tunable RF filter path 66, any of the
tunable RF filter paths shown in the first RF filter structure
60 of FIG. 21 may be arranged in accordance with the
exemplary embodiment shown in FIG. 22. The first tunable
RF filter path 66 shown in FIG. 22 includes an embodiment
of the resonator R(1,1) and an embodiment of the resonator
R(1,2). The resonator R(1,1) and the resonator R(1,2) are
weakly coupled to one another. More specifically, the reso-
nator R(1,1) includes an inductor 208 and a capacitive
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structure 210. The resonator R(1,2) includes an inductor
212, a capacitive structure 214, and a capacitive structure
216.

The resonator R(1,1) and the resonator R(1,2) are a pair
of weakly coupled resonators. The resonator R(1,1) and the
resonator R(1,2) are weakly coupled by providing the induc-
tor 208 and the inductor 212 such that the inductor 208 and
the inductor 212 are weakly magnetically coupled. Although
the resonator R(1,1) and the resonator R(1,2) are weakly
coupled, the inductor 212 has a maximum lateral width and
a displacement between the inductor 208 and the inductor
212 is less than or equal to half the maximum lateral width
of the inductor 212. As such, the inductor 208 and the
inductor 212 are relatively close to one another. The dis-
placement between the inductor 208 and the inductor 212
may be measured from a geometric centroid of the inductor
208 to a geometric centroid of the inductor 212. The
maximum lateral width may be a maximum dimension of
the inductor 212 along a plane defined by its largest winding.
The weak coupling between the inductor 208 and the
inductor 212 is obtained through topological techniques. For
example, the inductor 208 and the inductor 212 may be fully
or partially aligned, where winding(s) of the inductor 208
and winding(s) of the inductor 212 are configured to provide
weak coupling through cancellation. Alternatively or addi-
tionally, a plane defining an orientation of the winding(s) of
the inductor 208 and a plane defining an orientation of the
winding(s) of the inductor 212 may be fully or partially
orthogonal to one another. Some of the magnetic couplings
between the resonators R can be unidirectional (passive or
active). This can significantly improve isolation (e.g., trans-
mit and receive isolation in duplexers).

To maximize the quality (Q) factor of the tunable RF filter
paths 66 through 68, most of the total mutual coupling
should be realized magnetically, and only fine-tuning is
provided electrically. This also helps to reduce common-
mode signal transfer in the differential resonators and thus
keeps the Q factor high. While the magnetic coupling can be
adjusted only statically, with a new layout design, the
electric coupling can be tuned on the fly (after fabrication).
The filter characteristics (e.g., bias network structure, reso-
nator capacitance) can be adjusted based on given coupling
coeflicients to maximize filter performance.

To provide a tuning range to tune a transfer function of the
first tunable RF filter path 66 and provide a fast roll-off from
a low-frequency side to a high-frequency side of the transfer
function, the first tunable RF filter path 66 is configured to
change a sign of a total mutual coupling coeflicient between
the resonator R(1,1) and the resonator R(1,2). Accordingly,
the first tunable RF filter path 66 includes a cross-coupling
capacitive structure C(P1) and a cross-coupling capacitive
structure C(N1). The cross-coupling capacitive structure
C(P1) and the cross-coupling capacitive structure C(N1) are
embodiments of the cross-coupling capacitive structures C
described above with regard to FIG. 21. As shown in FIG.
22, the cross-coupling capacitive structure C(P1) is electri-
cally connected between the resonator R(1,1) and the reso-
nator R(1,2) so as to provide a positive coupling coeflicient
between the resonator R(1,1) and the resonator R(1,2). The
cross-coupling capacitive structure C(P1) is a variable cross-
coupling capacitive structure configured to vary the positive
coupling coefficient provided between the resonator R(1,1)
and the resonator R(1,2). The cross-coupling capacitive
structure C(N1) is electrically connected between the reso-
nator R(1,1) and the resonator R(1,2) so as to provide a
negative coupling coefficient between the resonator R(1,1)
and the resonator R(1,2). The cross-coupling capacitive
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structure C(N1) is a variable cross-coupling capacitive struc-
ture configured to vary the negative coupling coeflicient
provided between the resonator R(1,1) and the resonator
R(1,2). The arrangement of the cross-coupling capacitive
structure C(P1) and the cross-coupling capacitive structure
C(N1) shown in FIG. 22 is a V-bridge structure. In alterna-
tive embodiments, some or all of the cross-coupling capaci-
tive structures is fixed (not variable).

In the resonator R(1,1), the inductor 208 and the capaci-
tive structure 210 are electrically connected in parallel. More
specifically, the inductor 208 has an end 217 and an end 218,
which are disposed opposite to one another. The ends 217,
218 are each electrically connected to the capacitive struc-
ture 210, which is grounded. Thus, the resonator R(1,1) is a
single-ended resonator. On the other hand, the inductor 212
is electrically connected between the capacitive structure
214 and the capacitive structure 216. More specifically, the
inductor 212 has an end 220 and an end 222, which are
disposed opposite to one another. The end 220 is electrically
connected to the capacitive structure 214 and the end 222 is
electrically connected to the capacitive structure 216. Both
the capacitive structure 214 and the capacitive structure 216
are grounded. Thus, the resonator R(1,2) is a differential
resonator. In an alternative, an inductor with a center tap can
be used. The tap can be connected to ground and only a
single capacitive structure can be used. In yet another
embodiment, both an inductor and a capacitive structure
may have a center tap that is grounded. In still another
embodiment, neither the inductor nor the capacitive struc-
ture may have a grounded center tap.

The inductor 208 is magnetically coupled to the inductor
212 such that an RF signal received at the end 217 of the
inductor 208 with a voltage polarity (i.e., either a positive
voltage polarity or a negative voltage polarity) results in a
filtered RF signal being transmitted out the end 220 of the
inductor 212 with the same voltage polarity. Also, the
inductor 212 is magnetically coupled to the inductor 208
such that an RF signal received at the end 220 of the inductor
212 with a voltage polarity (i.e., either a positive voltage
polarity or a negative voltage polarity) results in a filtered
RF signal being transmitted out the end 217 of the inductor
208 with the same voltage polarity. This is indicated in FIG.
22 by the dot convention where a dot is placed at the end 217
of the inductor 208 and a dot is placed at the end 220 of the
inductor 212. By using two independent and adjustable
coupling coefficients (i.e., the positive coupling coeflicient
and the negative coupling coefficient) with the resonator
R(1,2) (i.e., the differential resonator), the transfer function
of the first tunable RF filter path 66 is provided so as to be
fully adjustable. More specifically, the inductors 208, 212
may be magnetically coupled so as to have a low magnetic
coupling coefficient through field cancellation, with the
variable positive coupling coefficient and the variable nega-
tive coupling coefficient. In this case, the inductor 208 and
the inductor 212 are arranged such that a mutual magnetic
coupling between the inductor 208 and the inductor 212
cancel. Alternatively, the inductor 208 and the inductor 212
are arranged such that the inductor 212 reduces a mutual
magnetic coupling coefficient of the inductor 208. With
respect to the magnetic coupling coefficient, the variable
positive coupling coeflicient is a variable positive electric
coupling coefficient and the variable negative coupling
coeflicient is a variable negative electric coupling coeffi-
cient. The variable positive electric coupling coefficient and
the variable negative electric coupling coefficient oppose
each other to create a tunable filter characteristic.
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The resonator R(1,2) is operably associated with the
resonator R(1,1) such that an energy transfer factor between
the resonator R(1,1) and the resonator R(1,2) is less than
10%. A total mutual coupling between the resonator R(1,1)
and the resonator R(1,2) is provided by a sum total of the
mutual magnetic factor between the resonator R(1,1) and the
resonator R(1,2) and the mutual electric coupling coeffi-
cients between the resonator R(1,1) and the resonator R(1,
2). In this embodiment, the mutual magnetic coupling coef-
ficient between the inductor 208 and the inductor 212 is a
fixed mutual magnetic coupling coefficient. Although
embodiments of the resonators R(1,1), R(1,2) may be pro-
vided so as to provide a variable magnetic coupling coeffi-
cient between the resonators R(1,1), R(1,2), embodiments of
the resonators R(1,1), R(1,2) that provide variable magnetic
couplings can be costly and difficult to realize. However,
providing variable electric coupling coefficients (i.e., the
variable positive electric coupling coefficient and the vari-
able electric negative coupling coefficient) is easier and
more economical. Thus, using the cross-coupling capacitive
structure C(P1) and the cross-coupling capacitive structure
C(N1) to provide the variable positive electric coupling
coeflicient and the variable electric negative coupling coef-
ficient is an economical technique for providing a tunable
filter characteristic between the resonators R(1,1), R(1,2).
Furthermore, since the mutual magnetic coupling coeflicient
between the inductor 208 and the inductor 212 is fixed, the
first tunable RF filter path 66 has lower insertion losses.

In the embodiment shown in FIG. 22, the inductor 208
and the 212 inductor are the same size. Alternatively, the
inductor 208 and the inductor 212 may be different sizes. For
example, the inductor 212 may be smaller than the inductor
208. By determining a distance between the inductor 208
and the inductor 212, the magnetic coupling coeflicient
between the inductor 208 and the inductor 212 can be set.
With regard to the inductors 208, 212 shown in FIG. 22, the
inductor 208 may be a folded inductor configured to gen-
erate a first confined magnetic field, while the inductor 212
may be a folded inductor configured to generate a second
confined magnetic field. Magnetic field lines of the first
confined magnetic field and of the second confined magnetic
field that are external to the inductor 208 and inductor 212
are cancelled by opposing magnetic field lines in all direc-
tions. When the inductor 208 and the inductor 212 are folded
inductors, the folded inductors can be stacked. This allows
building the first tunable RF filter path 66 such that several
inductors 208, 212 are stacked. Furthermore, this arrange-
ment allows for a specially sized interconnect structure that
electrically connects the inductors 208, 212 to the capacitive
structure 210, the capacitive structure 214, the capacitive
structure 216, the cross-coupling capacitive structure C(P1),
and the cross-coupling capacitive structure C(N1). The
specially sized interconnect increases the Q factor of the
capacitive structure 210, the capacitive structure 214, the
capacitive structure 216, the cross-coupling capacitive struc-
ture C(P1), and the cross-coupling capacitive structure
C(N1), and allows for precise control of their variable
capacitances. Weakly coupled filters can also be realized
with planar field cancellation structures.

FIG. 23 illustrates an exemplary embodiment of the first
tunable RF filter path 66 in the first RF filter structure 60
shown in FIG. 21. While the exemplary embodiment shown
in FIG. 23 is of the first tunable RF filter path 66, any of the
tunable RF filter paths shown in the first RF filter structure
60 of FIG. 21 may be arranged in accordance with the
exemplary embodiment shown in FIG. 23. The first tunable
RF filter path 66 shown in FIG. 23 includes an embodiment
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of the resonator R(1,1) and an embodiment of the resonator
R(1,2). The resonator R(1,1) and the resonator R(1,2) are
weakly coupled to one another. The embodiment of the
resonator R(1,2) is the same as the embodiment of the
resonator R(1,2) shown in FIG. 22. Thus, the resonator
R(1,2) shown in FIG. 23 is a differential resonator that
includes the inductor 212, the capacitive structure 214, and
the capacitive structure 216. Additionally, like the embodi-
ment of the resonator R(1,1) shown in FIG. 22, the embodi-
ment of the resonator R(1,1) shown in FIG. 23 includes the
inductor 208 and the capacitive structure 210. However, in
this embodiment, the resonator R(1,1) shown in FIG. 23 is
a differential resonator and further includes a capacitive
structure 224. More specifically, the end 217 of the inductor
208 is electrically connected to the capacitive structure 210
and the end 218 of the inductor 208 is electrically connected
to the capacitive structure 224. Both the capacitive structure
210 and the capacitive structure 224 are grounded. Like the
capacitive structure 210, the capacitive structure 224 is also
a variable capacitive structure, such as a programmable
array of capacitors or a varactor. Alternatively, a center tap
of'an inductor may be grounded. In yet another embodiment,
the inductor and a capacitive structure may be RF floating (a
low-resistance connection to ground).

The resonator R(1,1) and the resonator R(1,2) are a pair
of weakly coupled resonators. Like the first tunable RF filter
path 66 shown in FIG. 22, the resonator R(1,1) and the
resonator R(1,2) are weakly coupled by providing the induc-
tor 208 and the inductor 212 such that the inductor 208 and
the inductor 212 are weakly coupled. Thus, the inductor 208
and the inductor 212 may have a magnetic coupling coef-
ficient that is less than or equal to approximately 0.3.
Although the resonator R(1,1) and the resonator R(1,2) are
weakly coupled, a displacement between the inductor 208
and the inductor 212 is less than or equal to half the
maximum lateral width of the inductor 212. As such, the
inductor 208 and the inductor 212 are relatively close to one
another. The displacement between the inductor 208 and the
inductor 212 may be measured from a geometric centroid of
the inductor 208 to a geometric centroid of the inductor 212.
The maximum lateral width may be a maximum dimension
of the inductor 212 along a plane defined by its largest
winding.

The weak coupling between the inductor 208 and the
inductor 212 is obtained through topological techniques. For
example, the inductor 208 and the inductor 212 may be fully
or partially aligned, where winding(s) of the inductor 208
and winding(s) of the inductor 212 are configured to provide
weak coupling through cancellation. Alternatively or addi-
tionally, a plane defining an orientation of the windings of
the inductor 208 and a plane defining an orientation of the
windings of the inductor 212 may be fully or partially
orthogonal to one another.

The resonator R(1,2) is operably associated with the
resonator R(1,1) such that an energy transfer factor between
the resonator R(1,1) and the resonator R(1,2) is less than
10%. To provide a tuning range to tune a transfer function
of the first tunable RF filter path 66 such to provide a fast
roll-off from a low-frequency side to a high-frequency side
requires changing a sign of the total mutual coupling coef-
ficient between the resonator R(1,1) and the resonator R(1,
2). Like the embodiment of the first tunable RF filter path 66
shown in FIG. 22, the first tunable RF filter path 66 shown
in FIG. 23 includes the cross-coupling capacitive structure
C(P1) and the cross-coupling capacitive structure C(N1).
The cross-coupling capacitive structure C(P1) and the cross-
coupling capacitive structure C(N1) are arranged in the same
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manner described above with respect to FIG. 22. However,
in this embodiment, the first tunable RF filter path 66 shown
in FIG. 23 also includes a cross-coupling capacitive struc-
ture C(P2) and a cross-coupling capacitive structure C(N2).
The cross-coupling capacitive structure C(P2) and the cross-
coupling capacitive structure C(N2) are also embodiments
of the cross-coupling capacitive structures C described
above with regard to FIG. 21.

As described above with respect to FIG. 22, the cross-
coupling capacitive structure C(P1) is electrically connected
between the resonator R(1,1) and the resonator R(1,2) so as
to provide the positive coupling coeflicient (i.e., the variable
positive electric coupling coefficient) between the resonator
R(1,1) and the resonator R(1,2). Also as described above
with respect to FIG. 22, the cross-coupling capacitive struc-
ture C(N1) is electrically connected between the resonator
R(1,1) and the resonator R(1,2) so as to provide the negative
coupling coeflicient (i.e., the variable negative electric cou-
pling coeflicient) between the resonator R(1,1) and the
resonator R(1,2). With regard to the cross-coupling capaci-
tive structure C(P2), the cross-coupling capacitive structure
C(P2) is electrically connected between the resonator R(1,1)
and the resonator R(1,2) so as to provide another positive
coupling coefficient (i.e., another variable positive electric
coupling coefficient) between the resonator R(1,1) and the
resonator R(1,2). In this embodiment, the cross-coupling
capacitive structure C(P2) is electrically connected between
the end 218 of the inductor 208 and the end 222 of the
inductor 212. The cross-coupling capacitive structure C(P2)
is a variable cross-coupling capacitive structure configured
to vary the other positive coupling coefficient (i.e., the other
variable positive electric coupling coefficient) provided
between the resonator R(1,1) and the resonator R(1,2). With
regard to the cross-coupling capacitive structure C(N2), the
cross-coupling capacitive structure C(N2) is electrically
connected between the resonator R(1,1) and the resonator
R(1,2) so as to provide another negative coupling coeflicient
(i.e., another variable negative electric coupling coefficient)
between the resonator R(1,1) and the resonator R(1,2). In
this embodiment, the cross-coupling capacitive structure
C(N2) is electrically connected between the end 218 of the
inductor 208 and the end 220 of the inductor 212. The
cross-coupling capacitive structure C(N2) is a variable
cross-coupling capacitive structure configured to vary the
negative coupling coefficient (i.e., the other variable nega-
tive electric coupling coefficient) provided between the
resonator R(1,1) and the resonator R(1,2). The arrangement
of the cross-coupling capacitive structure C(P1), the cross-
coupling capacitive structure C(N1), the cross-coupling
capacitive structure C(P2), and the cross-coupling capacitive
structure C(N2) shown in FIG. 23 is an X-bridge structure.

As shown in FIG. 23, the resonator R(1,2) is operably
associated with the resonator R(1,1) such that an energy
transfer factor between the resonator R(1,1) and the reso-
nator R(1,2) is less than 10%. The total mutual coupling
between the resonator R(1,1) and the resonator R(1,2) is
provided by a sum total of the mutual magnetic factor
between the resonator R(1,1) and the resonator R(1,2) and
the mutual electric coupling coefficients between the reso-
nator R(1,1) and the resonator R(1,2). Thus, in this embodi-
ment, the total mutual coupling between the resonator R(1,1)
and the resonator R(1,2) is provided by the sum total of the
mutual magnetic coupling coefficient, the variable positive
electric coupling coefficient provided by the cross-coupling
capacitive structure C(P1), the variable negative electric
coupling coefficient provided by the cross-coupling capaci-
tive structure C(N1), the other variable positive electric
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coupling coefficient provided by the cross-coupling capaci-
tive structure C(P2), and the other variable negative electric
coupling coefficient provided by the cross-coupling capaci-
tive structure C(N2).

FIG. 24 illustrates an exemplary embodiment of the first
tunable RF filter path 66 in the first RF filter structure 60
shown in FIG. 21. While the exemplary embodiment shown
in FIG. 24 is of the first tunable RF filter path 66, any of the
tunable RF filter paths shown in the first RF filter structure
60 of FIG. 21 may be arranged in accordance with the
exemplary embodiment shown in FIG. 24. The first tunable
RF filter path 66 shown in FIG. 24 includes an embodiment
of the resonator R(1,1) and an embodiment of the resonator
R(1,2). The resonator R(1,1) and the resonator R(1,2) are
weakly coupled to one another. The embodiment of the
resonator R(1,1) is the same as the embodiment of the
resonator R(1,1) shown in FIG. 22. Thus, the resonator
R(1,1) shown in FIG. 24 is a single-ended resonator that
includes the inductor 208 and the capacitive structure 210.
Additionally, like the embodiment of the resonator R(1,2)
shown in FIG. 22, the embodiment of the resonator R(1,2)
shown in FIG. 24 includes the inductor 212 and the capaci-
tive structure 214. However, in this embodiment, the reso-
nator R(1,2) shown in FIG. 24 is a single-ended resonator.
More specifically, the end 220 and the end 222 of the
inductor 212 are each electrically connected to the capaci-
tive structure 214, which is grounded.

The resonator R(1,1) and the resonator R(1,2) are a pair
of weakly coupled resonators. Like the first tunable RF filter
path 66 shown in FIG. 22, the resonator R(1,1) and the
resonator R(1,2) are weakly coupled by providing the induc-
tor 208 and the inductor 212 such that the inductor 208 and
the inductor 212 are weakly coupled. Thus, the inductor 208
and the inductor 212 may have a magnetic coupling coef-
ficient that is less than or equal to approximately 0.3.
Although the resonator R(1,1) and the resonator R(1,2) are
weakly coupled, the displacement between the inductor 208
and the inductor 212 is less than or equal to half the
maximum lateral width of the inductor 212. As such, the
inductor 208 and the inductor 212 are relatively close to one
another. The displacement between the inductor 208 and the
inductor 212 may be measured from the geometric centroid
of the inductor 208 to the geometric centroid of the inductor
212. The maximum lateral width may be a maximum
dimension of the inductor 212 along a plane defined by its
largest winding. The weak coupling between the inductor
208 and the inductor 212 is obtained through topological
techniques. For example, the inductor 208 and the inductor
212 may be fully or partially aligned, where winding(s) of
the inductor 208 and winding(s) of the inductor 212 are
configured to provide weak coupling through cancellation.
Alternatively or additionally, a plane defining an orientation
of the windings of the inductor 208 and a plane defining an
orientation of the windings of the inductor 212 may be fully
or partially orthogonal to one another.

The resonator R(1,2) is operably associated with the
resonator R(1,1) such that an energy transfer factor between
the resonator R(1,1) and the resonator R(1,2) is less than
10%. To provide a tuning range to tune a transfer function
of'the first tunable RF filter path 66 and provide a fast roll-off
from a low-frequency side to a high-frequency side of the
transfer function, the first tunable RF filter path 66 is
configured to change a sign of a total mutual coupling
coeflicient between the resonator R(1,1) and the resonator
R(1,2). However, in this embodiment, the first tunable RF
filter path 66 shown in FIG. 24 only includes the cross-
coupling capacitive structure C(P1), which is electrically
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connected between the end 217 of the inductor 208 and the
end 220 of the inductor 212. As discussed above with respect
to FIGS. 22 and 23, the cross-coupling capacitive structure
C(P1) is a variable cross-coupling capacitive structure con-
figured to vary the positive coupling coefficient (i.e., the
variable positive electric coupling coefficient) provided
between the resonator R(1,1) and the resonator R(1,2). Thus,
in order to allow for the sign of the total mutual coupling
coeflicient between the resonator R(1,1) and the resonator
R(1,2) to be changed, the inductor 208 and the inductor 212
are arranged so as to provide a fixed negative mutual
magnetic coupling coefficient between the inductor 208 of
the resonator R(1,1) and the inductor 212 of the resonator
R(1,2). As such, varying the variable positive electric cou-
pling coefficient allows for the sign of the total mutual
coupling coefficient between the resonator R(1,1) and the
resonator R(1,2) to be changed using only the cross-cou-
pling capacitive structure C(P1).

As such, in this embodiment, the inductor 208 is mag-
netically coupled to the inductor 212 such that an RF signal
received at the end 217 of the inductor 208 with a voltage
polarity (i.e., either a positive voltage polarity or a negative
voltage polarity) results in a filtered RF signal with the same
voltage polarity being transmitted out the end 222 of the
inductor 212. In addition, the inductor 212 is magnetically
coupled to the inductor 208 such that an RF signal received
at the end 222 of the inductor 212 with a voltage polarity
(i.e., either a positive voltage polarity or a negative voltage
polarity) results in a filtered RF signal with the same voltage
polarity being transmitted out the end 217 of the inductor
208. This is indicated in FIG. 24 by the dot convention
where a dot is placed at the end 217 of the inductor 208 and
a dot is placed at the end 222 of the inductor 212. By using
the fixed negative mutual magnetic coupling coefficient and
the variable positive electric coupling coefficient, the trans-
fer function of the first tunable RF filter path 66 is provided
so to be fully adjustable. The arrangement of the cross-
coupling capacitive structure C(P1) shown in FIG. 24 is a
single positive bridge structure.

FIG. 25 illustrates another exemplary embodiment of the
first tunable RF filter path 66 in the first RF filter structure
60 shown in FIG. 21. While the exemplary embodiment
shown in FIG. 25 is of the first tunable RF filter path 66, any
of the tunable RF filter paths shown in the first RF filter
structure 60 of FIG. 21 may be arranged in accordance with
the exemplary embodiment shown in FIG. 25. The first
tunable RF filter path 66 shown in FIG. 25 includes an
embodiment of the resonator R(1,1) and an embodiment of
the resonator R(1,2). The resonator R(1,1) and the resonator
R(1,2) are weakly coupled to one another. The embodiment
of'the resonator R(1,1) is the same as the embodiment of the
resonator R(1,1) shown in FIG. 22. Thus, the resonator
R(1,1) shown in FIG. 25 is a single-ended resonator that
includes the inductor 208 and the capacitive structure 210,
which are arranged in the same manner described above
with respect to FIG. 22. Like the resonator R(1,2) shown in
FIG. 24, the resonator R(1,2) shown in FIG. 25 is a single-
ended resonator that includes the inductor 212 and the
capacitive structure 214. However, the inductor 208 shown
in FIG. 25 is magnetically coupled to the inductor 212 such
that an RF signal received at the end 217 of the inductor 208
with a voltage polarity (i.e., either a positive voltage polarity
or a negative voltage polarity) results in a filtered RF signal
with the same voltage polarity being transmitted out the end
220 of the inductor 212. Also, the inductor 212 shown in
FIG. 25 is magnetically coupled to the inductor 208 such
that an RF signal received at the end 220 of the inductor 212
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with a voltage polarity (i.e., either a positive voltage polarity
or a negative voltage polarity) results in a filtered RF signal
with the same voltage polarity being transmitted out the end
217 of the inductor 208. This is indicated in FIG. 25 by the
dot convention where a dot is placed at the end 217 of the
inductor 208 and a dot is placed at the end 220 of the
inductor 212. In alternative embodiments, the resonator
R(1,2) is a differential resonator. In yet another alternative
embodiment, the resonator R(1,1) is a single-ended resona-
tor while the resonator R(1,2) is a differential resonator.

The resonator R(1,1) and the resonator R(1,2) are a pair
of weakly coupled resonators. Like the first tunable RF filter
path 66 shown in FIG. 22, the resonator R(1,1) and the
resonator R(1,2) are weakly coupled by providing the induc-
tor 208 and the inductor 212 such that the inductor 208 and
the inductor 212 are weakly coupled. Thus, the inductor 208
and the inductor 212 may have a fixed magnetic coupling
coeflicient that is less than or equal to approximately 0.3.
Although the resonator R(1,1) and the resonator R(1,2) are
weakly coupled, a displacement between the inductor 208
and the inductor 212 is less than or equal to half the
maximum lateral width of the inductor 212. As such, the
inductor 208 and the inductor 212 are relatively close to one
another. The displacement between the inductor 208 and the
inductor 212 may be measured from a geometric centroid of
the inductor 208 to a geometric centroid of the inductor 212.
The maximum lateral width may be a maximum dimension
of the inductor 212 along a plane defined by its largest
winding.

The weak coupling between the inductor 208 and the
inductor 212 is obtained through topological techniques. For
example, the inductor 208 and the inductor 212 may be fully
or partially aligned, where winding(s) of the inductor 208
and winding(s) of the inductor 212 are configured to provide
weak coupling through cancellation. Alternatively or addi-
tionally, a plane defining an orientation of the windings of
the inductor 208 and a plane defining an orientation of the
windings of the inductor 212 may be fully or partially
orthogonal to one another.

The resonator R(1,2) is operably associated with the
resonator R(1,1) such that an energy transfer factor between
the resonator R(1,1) and the resonator R(1,2) is less than
10%. To provide a tuning range to tune the transfer function
of the first tunable RF filter path 66 and to provide a fast
roll-off from the low-frequency side to the high-frequency
side of the transfer function, the first tunable RF filter path
66 is configured to change the sign of the total mutual
coupling coefficient between the resonator R(1,1) and the
resonator R(1,2). In this embodiment, the first tunable RF
filter path 66 shown in FIG. 25 includes a cross-coupling
capacitive structure C(PH1), a cross-coupling capacitive
structure (CNH1), a cross-coupling capacitive structure
C(I1), a cross-coupling capacitive structure C(PH2), and a
cross-coupling capacitive structure C(NH2). The cross-cou-
pling capacitive structure C(PH1), the cross-coupling
capacitive structure (CNH1), the cross-coupling capacitive
structure C(I1), the cross-coupling capacitive structure
C(PH2), and the cross-coupling capacitive structure C(INH2)
are also embodiments of the cross-coupling capacitive struc-
tures C described above with regard to FIG. 21.

The cross-coupling capacitive structure C(PH1) and the
cross-coupling capacitive structure C(NH1) are arranged to
form a first capacitive voltage divider. The first capacitive
voltage divider is electrically connected to the resonator
R(1,1). More specifically, the cross-coupling capacitive
structure C(PH1) is electrically connected between the end
217 of the inductor 208 and a common connection node H1.
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The cross-coupling capacitive structure C(NH1) is electri-
cally connected between the end 218 of the inductor 208 and
the common connection node H1. Additionally, the cross-
coupling capacitive structure C(PH2) and the cross-coupling
capacitive structure C(NH2) are arranged to form a second
capacitive voltage divider. The second capacitive voltage
divider is electrically connected to the resonator R(1,2).
More specifically, the cross-coupling capacitive structure
C(PH2) is electrically connected between the end 220 of the
inductor 212 and a common connection node H2. The
cross-coupling capacitive structure C(NH2) is electrically
connected between the end 222 of the inductor 212 and the
common connection node H2. As shown in FIG. 25, the
cross-coupling capacitive structure C(I1) is electrically con-
nected between the first capacitive voltage divider and the
second capacitive voltage divider. More specifically, the
cross-coupling capacitive structure C(I1) is electrically con-
nected between the common connection node H1 and the
common connection node H2. The arrangement of the
cross-coupling capacitive structure C(PH1), the cross-cou-
pling capacitive structure C(NH1), the cross-coupling
capacitive structure C(PH2), the cross-coupling capacitive
structure C(NH2), and the cross-coupling capacitive struc-
ture C(I1) shown in FIG. 25 is an H-bridge structure. In an
alternative H-bridge structure, the cross-coupling capacitive
structure C(I1) is not provided and instead there is a short
between the common connection node H1 and the common
connection node H2. In addition, a center tap of the inductor
208 may be grounded and/or the common connection node
H1 may be grounded. Finally, a high impedance to ground
may be provided at the common connection node H1.

With regard to the first capacitive voltage divider, the
cross-coupling capacitive structure C(PH1) is a variable
cross-coupling capacitive structure configured to vary a first
variable positive electric coupling coefficient provided
between the resonator R(1,1) and the common connection
node H1. The cross-coupling capacitive structure C(NH1) is
a variable cross-coupling capacitive structure configured to
vary a first variable negative electric coupling coefficient
provided between the resonator R(1,1) and the common
connection node H1. Thus, a mutual electric coupling coef-
ficient of the resonator R(1,1) is approximately equal to the
first variable positive electric coupling coefficient and the
first variable negative electric coupling coefficient.

With regard to the second capacitive voltage divider, the
cross-coupling capacitive structure C(PH2) is a variable
cross-coupling capacitive structure configured to vary a
second variable positive electric coupling coefficient pro-
vided between the resonator R(1,2) and the common con-
nection node H2. The cross-coupling capacitive structure
C(NH2) is a variable cross-coupling capacitive structure
configured to vary a second variable negative electric cou-
pling coefficient provided between the resonator R(1,2) and
the common connection node H2. Thus, a mutual electric
coupling coefficient of the resonator R(1,2) is approximately
equal to the second variable positive electric coupling coef-
ficient and the second variable negative electric coupling
coefficient. Furthermore, the cross-coupling capacitive
structure C(I1) is a variable cross-coupling capacitive struc-
ture configured to vary a first variable intermediate electric
coupling coeflicient provided between the common connec-
tion node H1 and the common connection node H2. The first
tunable RF filter path 66 shown in FIG. 25 thus has a total
mutual coupling coefficient between the resonator R(1,1)
and the resonator R(1,2) equal to the sum total of the mutual
magnetic coupling coefficient between the inductor 208 and
the inductor 212, the mutual electric coupling coefficient of
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the resonator R(1,1), the mutual electric coupling coeflicient
of the resonator R(1,2), and the first variable intermediate
electric coupling coefficient provided between the common
connection node H1 and the common connection node H2.
In alternative embodiments, cross-coupling capacitive struc-
tures with fixed capacitances are provided.

In one embodiment, the cross-coupling capacitive struc-
ture C(PH1), the cross-coupling capacitive structure
C(NH1), the cross-coupling capacitive structure C(PH2), the
cross-coupling capacitive structure C(NH2), and the cross-
coupling capacitive structure C(I1) may each be provided as
a varactor. However, the cross-coupling capacitive structure
C(PH1), the cross-coupling capacitive structure C(INH1), the
cross-coupling capacitive structure C(PH2), the cross-cou-
pling capacitive structure C(NH2), and the cross-coupling
capacitive structure C(I1) may each be provided as a pro-
grammable array of capacitors in order to reduce insertion
losses and improve linearity. The cross-coupling capacitive
structure C(PH1), the cross-coupling capacitive structure
C(NH1), the cross-coupling capacitive structure C(PH2), the
cross-coupling capacitive structure C(NH2), and the cross-
coupling capacitive structure C(I1) can also be any combi-
nation of suitable variable cross-coupling capacitive struc-
tures, such as combinations of varactors and programmable
arrays of capacitors. Although the H-bridge structure can
provide good linearity and low insertion losses, the H-bridge
structure can also suffer from common-mode signal transfer.

FIG. 26 illustrates yet another exemplary embodiment of
the first tunable RF filter path 66 in the first RF filter
structure 60 shown in FIG. 21. While the exemplary embodi-
ment shown in FIG. 26 is of the first tunable RF filter path
66, any of the tunable RF filter paths shown in the first RF
filter structure 60 of FIG. 21 may be arranged in accordance
with the exemplary embodiment shown in FIG. 26. The first
tunable RF filter path 66 shown in FIG. 26 can be used to
ameliorate the common-mode signal transfer of the H-bridge
structure shown in FIG. 25. More specifically, the first
tunable RF filter path 66 shown in FIG. 26 includes the same
embodiment of the resonator R(1,1) and the same embodi-
ment of the resonator R(1,2) described above with respect to
FIG. 25. Furthermore, the first tunable RF filter path 66
shown in FIG. 26 includes the first capacitive voltage divider
with the cross-coupling capacitive structure C(PH1) and the
cross-coupling capacitive structure C(NH1) described above
with respect to FIG. 25, the second capacitive voltage
divider with the cross-coupling capacitive structure C(PH2)
and the cross-coupling capacitive structure (CNH2)
described above with respect to FIG. 25, and the cross-
coupling capacitive structure C(I1) described above with
respect to FIG. 25. However, in this embodiment, the first
tunable RF filter path 66 shown in FIG. 26 also includes a
cross-coupling capacitive structure C(PH3), a cross-cou-
pling capacitive structure (CNH3), a cross-coupling capaci-
tive structure C(I2), a cross-coupling capacitive structure
C(PH4), and a cross-coupling capacitive structure C(NH4).
The cross-coupling capacitive structure C(PH3), the cross-
coupling capacitive structure (CNH3), the cross-coupling
capacitive structure C(I2), the cross-coupling capacitive
structure C(PH4), and the cross-coupling capacitive struc-
ture C(NH4) are also embodiments of the cross-coupling
capacitive structures C described above with regard to FIG.
21.

As shown in FIG. 26, the cross-coupling capacitive struc-
ture C(PH3) and the cross-coupling capacitive structure
C(NH3) are arranged to form a third capacitive voltage
divider. The third capacitive voltage divider is electrically
connected to the resonator R(1,1). More specifically, the
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cross-coupling capacitive structure C(PH3) is electrically
connected between the end 217 of the inductor 208 and a
common connection node H3. The cross-coupling capacitive
structure C(NH3) is electrically connected between the end
218 of the inductor 208 and the common connection node
H3. Additionally, the cross-coupling capacitive structure
C(PH4) and the cross-coupling capacitive structure C(NH4)
are arranged to form a fourth capacitive voltage divider. The
fourth capacitive voltage divider is electrically connected to
the resonator R(1,2). More specifically, the cross-coupling
capacitive structure C(PH4) is electrically connected
between the end 220 of the inductor 212 and a common
connection node H4. The cross-coupling capacitive structure
C(NH4) is electrically connected between the end 222 of the
inductor 212 and the common connection node H4. As
shown in FIG. 26, the cross-coupling capacitive structure
C(12) is electrically connected between first capacitive volt-
age divider and the second capacitive voltage divider. More
specifically, the cross-coupling capacitive structure C(12) is
electrically connected between the common connection
node H3 and the common connection node H4. Alterna-
tively, the cross-coupling capacitive structure C(I1) and the
cross-coupling capacitive structure C(I2) can be replaced
with shorts. The arrangement of the cross-coupling capaci-
tive structure C(PH1), the cross-coupling capacitive struc-
ture C(NH1), the cross-coupling capacitive structure
C(PH2), the cross-coupling capacitive structure C(NH2), the
cross-coupling capacitive structure C(I1), the cross-coupling
capacitive structure C(PH3), the cross-coupling capacitive
structure C(NH3), the cross-coupling capacitive structure
C(PH4), the cross-coupling capacitive structure C(NH4),
and the cross-coupling capacitive structure C(12) shown in
FIG. 26 is a double H-bridge structure.

With regard to the third capacitive voltage divider, the
cross-coupling capacitive structure C(PH3) is a variable
cross-coupling capacitive structure configured to vary a third
variable positive electric coupling coefficient provided
between the resonator R(1,1) and the common connection
node H3. The cross-coupling capacitive structure C(NH3) is
a variable cross-coupling capacitive structure configured to
vary a third variable negative electric coupling coeflicient
provided between the resonator R(1,1) and the common
connection node H3. Thus, a mutual electric coupling coef-
ficient of the resonator R(1,1) is approximately equal to the
first variable positive electric coupling coefficient, the third
variable positive electric coupling coefficient, the first vari-
able negative electric coupling coefficient and the third
variable negative electric coupling coefficient.

With regard to the fourth capacitive voltage divider, the
cross-coupling capacitive structure C(PH4) is a variable
cross-coupling capacitive structure configured to vary a
fourth variable positive electric coupling coefficient pro-
vided between the resonator R(1,2) and the common con-
nection node H4. The cross-coupling capacitive structure
C(NH4) is a variable cross-coupling capacitive structure
configured to vary a fourth variable negative electric cou-
pling coefficient provided between the resonator R(1,2) and
the common connection node H4. Thus, a mutual electric
coupling coefficient of the resonator R(1,2) is approximately
equal to the second variable positive electric coupling coef-
ficient, the fourth variable positive coupling coefficient, the
second variable negative coupling coefficient, and the fourth
variable negative electric coupling coefficient. Furthermore,
the cross-coupling capacitive structure C(I12) is a variable
cross-coupling capacitive structure configured to vary a
second variable intermediate electric coupling coefficient
provided between the common connection node H3 and the
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common connection node H4. The first tunable RF filter path
66 shown in FIG. 26 thus has a total mutual coupling
coeflicient between the resonator R(1,1) and the resonator
R(1,2) equal to the sum total of the mutual magnetic
coupling coeflicient between the inductor 208 and the induc-
tor 212, the mutual electric coupling coefficient of the
resonator R(1,1), the mutual electric coupling coefficient of
the resonator R(1,2), the first variable intermediate electric
coupling coeflicient provided between the common connec-
tion node H1 and the common connection node H2 and the
second variable intermediate electric coupling coefficient
provided between the common connection node H3 and the
common connection node H4. The double H-bridge struc-
ture thus includes two H-bridge structures. The two
H-bridge structures allow for common-mode signal transfers
of the two H-bridge structures to oppose one another and
thereby be reduced and even cancelled.

FIG. 27 illustrates still another exemplary embodiment of
the first tunable RF filter path 66 in the first RF filter
structure 60 shown in FIG. 21. While the exemplary embodi-
ment shown in FIG. 27 is of the first tunable RF filter path
66, any of the tunable RF filter paths shown in the first RF
filter structure 60 of FIG. 21 may be arranged in accordance
with the exemplary embodiment shown in FIG. 27. The first
tunable RF filter path 66 shown in FIG. 27 includes the same
embodiment of the resonator R(1,1) and the same embodi-
ment of the resonator R(1,2) described above with respect to
FIG. 22. In addition, the first tunable RF filter path 66 shown
in FIG. 27 includes the cross-coupling capacitive structure
C(P1) and the cross-coupling capacitive structure (CN1) that
form the V-bridge structure described above with respect to
FIG. 22. However, the first tunable RF filter path 66 shown
in FIG. 27 further includes a resonator R(1,3) and a reso-
nator R(1,4). More specifically, the resonator R(1,3)
includes an inductor 226, a capacitive structure 228, and a
capacitive structure 230. The resonator R(1,4) includes an
inductor 232 and a capacitive structure 234.

With regard to the resonator R(1,3), the inductor 226 is
electrically connected between the capacitive structure 228
and the capacitive structure 230. More specifically, the
inductor 226 has an end 236 and an end 238, which are
disposed opposite to one another. The end 236 is electrically
connected to the capacitive structure 228 and the end 238 is
electrically connected to the capacitive structure 230. Both
the capacitive structure 228 and the capacitive structure 230
are grounded. Thus, the resonator R(1,3) is a differential
resonator. In this embodiment, each of the capacitive struc-
ture 228 and the capacitive structure 230 is a variable
capacitive structure.

With regard to the resonator R(1,4), the inductor 232 and
the capacitive structure 234 are electrically connected in
parallel. More specifically, the inductor 232 has an end 240
and an end 242, which are disposed opposite to one another.
The ends 240, 242 are each electrically connected to the
capacitive structure 234, which is grounded. Thus, the
resonator R(1,4) is a single-ended resonator.

In this embodiment, the resonator R(1,1), the resonator
R(1,2), the resonator R(1,3), and the resonator R(1,4) are all
weakly coupled to one another. The resonator R(1,3) and the
resonator R(1,4) are weakly coupled by providing the induc-
tor 226 and the inductor 232 such that the inductor 226 and
the inductor 232 are weakly coupled. The resonators R(1,1),
R(1,2), R(1,3), and R(1,4) are each operably associated with
one another such that energy transfer factors between the
resonators R(1,1), R(1,2), R(1,3), and R(1,4) are less than
10%. Although the resonator R(1,3) and the resonator R(1,4)
are weakly coupled, the inductor 232 has a maximum lateral
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width and a displacement between the inductor 226 and the
inductor 232 is less than or equal to half the maximum
lateral width of the inductor 232. As such, the inductor 226
and the inductor 232 are relatively close to one another. The
displacement between the inductor 226 and the inductor 232
may be measured from a geometric centroid of the inductor
226 to a geometric centroid of the inductor 232. The
maximum lateral width may be a maximum dimension of
the inductor 232 along a plane defined by its largest winding.
The weak coupling between the inductor 226 and the
inductor 232 is obtained through topological techniques. For
example, the inductor 226 and the inductor 232 may be fully
or partially aligned, where winding(s) of the inductor 226
and winding(s) of the inductor 232 are configured to provide
weak coupling through cancellation. Alternatively or addi-
tionally, a plane defining an orientation of the windings of
the inductor 226 and a plane defining an orientation of the
windings of the inductor 232 may be fully or partially
orthogonal to one another.

In some embodiments, all of the inductors 208, 212, 226,
232 are provided such that displacements between each of
the inductors 208, 212, 226, 232 are less than or equal to half
the maximum lateral width of the inductor 212. Alterna-
tively, in other embodiments, only a proper subset of the
inductors 208, 212, 226, 232 has displacements that are less
than or equal to half the maximum lateral width of the
inductor 212. For example, while the displacement between
the inductor 208 and the inductor 212 may be less than or
equal to half the maximum lateral width of the inductor 212
and the displacement between the inductor 226 and the
inductor 232 may be less than or equal to half the maximum
lateral width of the inductor 232, the displacements from the
inductor 208 and the inductor 212 to the inductor 226 and
the inductor 232 may each be greater than half the maximum
lateral width of the inductor 212 and half the maximum
lateral width of the inductor 232.

The inductors 208, 212, 226, and 232 are magnetically
coupled to the each other such that an RF signal received at
the end 217 of the inductor 208 with a voltage polarity (i.e.,
either a positive voltage polarity or a negative voltage
polarity) results in filtered RF signals with the same voltage
polarity being transmitted out the end 220 of the inductor
212, the end 236 of the inductor 226, and the end 240 of the
inductor 232. Also, the inductors 208, 212, 226, and 232 are
magnetically coupled to the each other such that an RF
signal received at the end 240 of the inductor 232 with a
voltage polarity (i.e., either a positive voltage polarity or a
negative voltage polarity) results in filtered RF signals with
the same voltage polarity being transmitted out the end 217
of the inductor 208, the end 220 of the inductor 212, and the
end 236 of the inductor 226. This is indicated in FIG. 27 by
the dot convention where a dot is placed at the end 217 of
the inductor 208, a dot is placed at the end 220 of the
inductor 212, a dot is placed at the end 236 of the inductor
226, and a dot is placed at the end 240 of the inductor 232.

The first tunable RF filter path 66 shown in FIG. 27
includes a cross-coupling capacitive structure C(P3), a
cross-coupling capacitive structure C(N3), a cross-coupling
capacitive structure C(P4), and a cross-coupling capacitive
structure C(N4) electrically connected between the resona-
tor R(1,2) and the resonator R(1,3). With respect to the
resonator R(1,2) and the resonator R(1,3), the cross-cou-
pling capacitive structure C(P3), the cross-coupling capaci-
tive structure C(N3), the cross-coupling capacitive structure
C(P4) and the cross-coupling capacitive structure C(N4) are
arranged to have the X-bridge structure described above
with respect to FIG. 23. Thus, the cross-coupling capacitive
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structure C(P3) is electrically connected between the end
220 and the end 236 so as to provide a variable positive
electric coupling coefficient between the resonator R(1,2)
and the resonator R(1,3). The cross-coupling capacitive
structure C(P3) is a variable cross-coupling capacitive struc-
ture configured to vary the variable positive electric cou-
pling coefficient provided between the resonator R(1,2) and
the resonator R(1,3). Also, the cross-coupling capacitive
structure C(N3) is electrically connected between the end
220 and the end 238 so as to provide a variable negative
electric coupling coefficient between the resonator R(1,2)
and the resonator R(1,3). The cross-coupling capacitive
structure C(N3) is a variable cross-coupling capacitive struc-
ture configured to vary the variable negative electric cou-
pling coefficient provided between the resonator R(1,2) and
the resonator R(1,3).

Additionally, the cross-coupling capacitive structure
C(P4) is electrically connected between the end 222 and the
end 238 so as to provide another variable positive electric
coupling coeflicient between the resonator R(1,2) and the
resonator R(1,3). The cross-coupling capacitive structure
C(P4) is a variable cross-coupling capacitive structure con-
figured to vary the other variable positive electric coupling
coeflicient provided between the resonator R(1,2) and the
resonator R(1,3). Finally, the cross-coupling capacitive
structure C(N4) is electrically connected between the end
222 and the end 236 so as to provide another variable
negative electric coupling coefficient between the resonator
R(1,2) and the resonator R(1,3). The cross-coupling capaci-
tive structure C(N4) is a variable cross-coupling capacitive
structure configured to vary the other variable negative
electric coupling coefficient provided between the resonator
R(1,2) and the resonator R(1,3).

With respect to the resonator R(1,3) and the resonator
R(1.,4), the first tunable RF filter path 66 shown in FIG. 27
includes a cross-coupling capacitive structure C(P5) and a
cross-coupling capacitive structure C(N5) electrically con-
nected between the resonator R(1,3) and the resonator
R(1,4). With respect to the resonator R(1,3) and the reso-
nator R(1,4), the cross-coupling capacitive structure C(P5)
and the cross-coupling capacitive structure C(N5) are
arranged to have the V-bridge structure described above with
respect to FIG. 22. Thus, the cross-coupling capacitive
structure C(P5) is electrically connected between the end
236 and the end 240 so as to provide a variable positive
electric coupling coefficient between the resonator R(1,3)
and the resonator R(1,4). The cross-coupling capacitive
structure C(P5) is a variable cross-coupling capacitive struc-
ture configured to vary the variable positive electric cou-
pling coefficient provided between the resonator R(1,3) and
the resonator R(1,4). Also, the cross-coupling capacitive
structure C(N5) is electrically connected between the end
238 and the end 240 so as to provide a variable negative
electric coupling coefficient between the resonator R(1,3)
and the resonator R(1,4). The cross-coupling capacitive
structure C(N5) is a variable cross-coupling capacitive struc-
ture configured to vary the variable negative electric cou-
pling coefficient provided between the resonator R(1,3) and
the resonator R(1,4).

The embodiment of first RF filter structure 60 shown in
FIG. 27 also includes a cross-coupling capacitive structure
C(P6), a cross-coupling capacitive structure C(N6), a cross-
coupling capacitive structure C(P7), a cross-coupling
capacitive structure C(N7), and a cross-coupling capacitive
structure C(P8). With respect to the resonator R(1,1) and the
resonator R(1,3), the cross-coupling capacitive structure
C(P6) and the cross-coupling capacitive structure C(N6) are
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each electrically connected between the resonator R(1,1)
and the resonator R(1,3). The cross-coupling capacitive
structure C(P6) is electrically connected between the end
217 and the end 236 so as to provide a variable positive
electric coupling coefficient between the resonator R(1,1)
and the resonator R(1,3). The cross-coupling capacitive
structure C(P6) is a variable cross-coupling capacitive struc-
ture configured to vary the variable positive electric cou-
pling coefficient provided between the resonator R(1,1) and
the resonator R(1,3). Also, the cross-coupling capacitive
structure C(N6) is electrically connected between the end
217 and the end 238 so as to provide a variable negative
electric coupling coefficient between the resonator R(1,1)
and the resonator R(1,3). The cross-coupling capacitive
structure C(N6) is a variable cross-coupling capacitive struc-
ture configured to vary the variable negative electric cou-
pling coefficient provided between the resonator R(1,1) and
the resonator R(1,3).

With respect to the resonator R(1,2) and the resonator
R(1,4), the cross-coupling capacitive structure C(P7) and the
cross-coupling capacitive structure C(N7) are each electri-
cally connected between the resonator R(1,2) and the reso-
nator R(1,4). The cross-coupling capacitive structure C(P7)
is electrically connected between the end 220 and the end
240 so as to provide a variable positive electric coupling
coeflicient between the resonator R(1,2) and the resonator
R(1,4). The cross-coupling capacitive structure C(P7) is a
variable cross-coupling capacitive structure configured to
vary the variable positive electric coupling coefficient pro-
vided between the resonator R(1,2) and the resonator R(1,4).
Also, the cross-coupling capacitive structure C(N7) is elec-
trically connected between the end 222 and the end 240 so
as to provide a variable negative electric coupling coeflicient
between the resonator R(1,2) and the resonator R(1,4). The
cross-coupling capacitive structure C(N7) is a variable
cross-coupling capacitive structure configured to vary the
variable negative electric coupling coefficient provided
between the resonator R(1,2) and the resonator R(1,4).

With respect to the resonator R(1,1) and the resonator
R(1,4), the cross-coupling capacitive structure C(P8) is
electrically connected between the resonator R(1,1) and the
resonator R(1,4). The cross-coupling capacitive structure
C(P8) is electrically connected between the end 217 and the
end 240 so as to provide a variable positive electric coupling
coeflicient between the resonator R(1,1) and the resonator
R(1,4). The cross-coupling capacitive structure C(P8) is a
variable cross-coupling capacitive structure configured to
vary the variable positive electric coupling coefficient pro-
vided between the resonator R(1,1) and the resonator R(1,4).

Furthermore, in this embodiment, a variable capacitive
structure 244 is electrically connected in series between the
terminal 200 and the resonator R(1,1). The variable capaci-
tive structure 244 is configured to vary a variable impedance
of the first tunable RF filter path 66 as measured into the
terminal 200 in order to match a source or a load impedance
at the terminal 200. In addition, a variable capacitive struc-
ture 245 is electrically connected in series between the
resonator R(1,4) and the terminal 202. The variable capaci-
tive structure 245 is configured to vary a variable impedance
of' the first tunable RF filter path 66 as seen into the terminal
202 in order to match a source or a load impedance at the
terminal 202.

FIGS. 28A through 28D illustrate different embodiments
of the first RF filter structure 60, wherein each of the
embodiments has different combinations of input terminals
and output terminals. The first RF filter structure 60 can have
various topologies. For example, the embodiment of the first
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RF filter structure 60 shown in FIG. 28A has a single input
terminal IN and an integer number i of output terminals
OUT,;-OUT,. As will be discussed below, the first RF filter
structure 60 may define various tunable RF filter paths (e.g.,
the first tunable RF filter path 66, the second tunable RF
filter path 68, the third tunable RF filter path 110, the fourth
tunable RF filter path 112, the fifth tunable RF filter path
122, and the sixth tunable RF filter path 124 shown in FIGS.
4, 8,11, 12, and 14-20) that may be used to receive different
RF signals at the input terminal IN and transmit a different
filtered RF signal from each of the output terminals OUT, -
OUT,. As such, the first RF filter structure 60 shown in FIG.
28A may be specifically configured to provide Single Input
Multiple Output (SIMO) operations.

With regard to the embodiment of the first RF filter
structure 60 shown in FIG. 28B, the first RF filter structure
60 has an integer number j of input terminals IN,-IN; and a
single output terminal OUT. As will be discussed below, the
first RF filter structure 60 may define various tunable RF
filter paths (e.g., the first tunable RF filter path 66, the
second tunable RF filter path 68, the third tunable RF filter
path 110, the fourth tunable RF filter path 112, the fifth
tunable RF filter path 122, and the sixth tunable RF filter
path 124 shown in FIGS. 4, 8, 11, 12, and 14-20) that may
be used to receive a different RF signal at each of the input
terminals IN,-IN, and transmit different filtered RF signals
from the single output terminal OUT. As such, the first RF
filter structure 60 shown in FIG. 28B may be specifically
configured to provide Multiple Input Single Output (MISO)
operations.

With regard to the embodiment of the first RF filter
structure 60 shown in FIG. 28C, the first RF filter structure
60 has a single input terminal IN and a single output terminal
OUT. As will be discussed below, the first RF filter structure
60 may define various tunable RF filter paths (e.g., the first
tunable RF filter path 66, the second tunable RF filter path
68, the third tunable RF filter path 110, the fourth tunable RF
filter path 112, the fifth tunable RF filter path 122, and the
sixth tunable RF filter path 124 shown in FIGS. 4, 8, 11, 12,
and 14-20) that may be used to receive different RF signals
at the single input terminal IN and transmit different filtered
RF signals from the output terminal OUT. As such, the first
RF filter structure 60 shown in FIG. 28 A may be specifically
configured to provide Single Input Single Output (SISO)
operations.

With regard to the embodiment of the first RF filter
structure 60 shown in FIG. 28D, the first RF filter structure
60 has the input terminals IN,-IN; and the output terminals
OUT,-OUT,. As will be discussed below, the first RF filter
structure 60 may define various tunable RF filter paths (e.g.,
the first tunable RF filter path 66, the second tunable RF
filter path 68, the third tunable RF filter path 110, the fourth
tunable RF filter path 112, the fifth tunable RF filter path
122, and the sixth tunable RF filter path 124 shown in FIGS.
4, 8, 11, 12, and 14-20) that may be used to receive a
different RF signal at each of the input terminal IN,-IN; and
transmit a different filtered RF signal from each of the output
terminals OUT,-OUT,.

FIG. 29 illustrates another embodiment of the first RF
filter structure 60. The first RF filter structure 60 shown in
FIG. 29 includes one embodiment of the first tunable RF
filter path 66 and one embodiment of the second tunable RF
filter path 68. The first tunable RF filter path 66 includes the
resonator R(1,1) and the resonator R(1,2). The resonator
R(1,1) and the resonator R(1,2) are thus a first pair of weakly
coupled resonators in the first tunable RF filter path 66. The
second tunable RF filter path 68 includes the resonator
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R(2,1) and the resonator R(2,2). The resonator R(2,1) and
the resonator R(2,2) are thus a second pair of weakly
coupled resonators in the second tunable RF filter path 68.

As explained in further detail below, a set S of cross-
coupling capacitive structures is electrically connected
between the resonator R(1,1), the resonator R(1,2), the
resonator R(2,1), and the resonator R(2,2) in the first tunable
RF filter path 66 and the second tunable RF filter path 68.
More specifically, the set S includes a cross-coupling capaci-
tive structure C(PM1), a cross-coupling capacitive structure
C(PM2), a cross-coupling capacitive structure C(PM3), a
cross-coupling capacitive structure C(PM4), a cross-cou-
pling capacitive structure C(NM1), and a cross-coupling
capacitive structure C(NM2). The set S of cross-coupling
capacitive structures interconnects the resonator R(1,1), the
resonator R(1,2), the resonator R(2,1), and the resonator
R(2,2) so that the first RF filter structure 60 shown in FIG.
29 is a matrix (in this embodiment, a 2x2 matrix) of the
resonators R. In alternative embodiments, some of the
cross-coupling capacitive structures C(PM1), C(PM2),
C(PM3), C(PM4), C(NM1), and C(NM2) may be omitted
depending on the filter transfer function to be provided.

Unlike in the embodiment of the first RF filter structure 60
shown in FIG. 21, in this embodiment, the first tunable RF
filter path 66 and the second tunable RF filter path 68 are not
independent of one another. The set S of cross-coupling
capacitive structures thus provides for additional tunable RF
filter paths to be formed from the resonator R(1,1), the
resonator R(1,2), the resonator R(2,1), and the resonator
R(2,2). As discussed in further detail below, the arrangement
of the first RF filter structure 60 shown in FIG. 29 can be
used to realize examples of each of the embodiments of the
first RF filter structure 60 shown in FIGS. 28A-28D.

The cross-coupling capacitive structure C(PM1) is elec-
trically connected within the first tunable RF filter path 66,
while the cross-coupling capacitive structure C(PM4) is
electrically connected within the second tunable RF filter
path 68. More specifically, the cross-coupling capacitive
structure C(PM1) is electrically connected between the
resonator R(1,1) and the resonator R(1,2) in the first tunable
RF filter path 66. The cross-coupling capacitive structure
C(PM1) is a variable cross-coupling capacitive structure
configured to provide and vary a (e.g., positive or negative)
electric coupling coefficient between the resonator R(1,1)
and the resonator R(1,2). The cross-coupling capacitive
structure C(PM4) is a variable cross-coupling capacitive
structure configured to provide and vary a (e.g., positive or
negative) electric coupling coefficient between the resonator
R(2,1) and the resonator R(2,2) in the second tunable RF
filter path 68.

To provide additional tunable RF filter paths, the cross-
coupling capacitive structure C(PM2), the cross-coupling
capacitive structure C(PM3), the cross-coupling capacitive
structure C(NM1), and the cross-coupling capacitive struc-
ture C(NM2) are each electrically connected between the
first tunable RF filter path 66 and the second tunable RF
filter path 68. The cross-coupling capacitive structure
C(PM2) is a variable cross-coupling capacitive structure
configured to provide and vary a (e.g., positive or negative)
electric coupling coefficient between the resonator R(1,2)
and the resonator R(2,2). The cross-coupling capacitive
structure C(PM3) is a variable cross-coupling capacitive
structure configured to provide and vary a (e.g., positive or
negative) electric coupling coefficient between the resonator
R(1,1) and the resonator R(2,1). The cross-coupling capaci-
tive structure C(NM1) is a variable cross-coupling capaci-
tive structure configured to provide and vary a (e.g., positive
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or negative) electric coupling coefficient between the reso-
nator R(1,1) and the resonator R(2,2). The cross-coupling
capacitive structure C(NM2) is a variable cross-coupling
capacitive structure configured to provide and vary a (e.g.,
positive or negative) electric coupling coefficient between
the resonator R(1,2) and the resonator R(2,1).

The first tunable RF filter path 66 is electrically connected
between the input terminal IN, and the output terminal
OUT,. In addition, the second tunable RF filter path 68 is
electrically connected between an input terminal IN, and an
output terminal OUT,. Accordingly, the first RF filter struc-
ture 60 shown in FIG. 29 is an embodiment of the first RF
filter structure 60 shown in FIG. 28D. However, the input
terminal IN, and the output terminal OUT, are optional and
may be excluded in other embodiments. For example, if the
input terminal IN, were not provided, but the output terminal
OUT, and the output terminal OUT, were provided, the first
RF filter structure 60 shown in FIG. 29 would be provided
as an embodiment of the first RF filter structure 60 shown in
FIG. 28A. It might, for example, provide a diplexing or a
duplexing function. Furthermore, more than two input ter-
minals or output terminals can be provided. Some examples
include embodiments of the first RF filter structure 60 used
for triplexing, quadplexing, herplexing, and providing FDD
and carrier aggregation.

The first tunable RF filter path 66 still provides a path
between the input terminal IN, and the output terminal
OUT,. However, assuming that the input terminal IN, is not
provided for SIMO operation, the cross-coupling capacitive
structure C(NM1) is electrically connected between the first
tunable RF filter path 66 and the second tunable RF filter
path 68 to define a first additional tunable RF filter path
between the input terminal IN, and the output terminal
OUT,. The first additional tunable RF filter path is thus
provided by a portion of the first tunable RF filter path 66
and a portion of the second tunable RF filter path 68. More
specifically, the first additional tunable RF filter path
includes the resonator R(1,1) and the resonator R(2,2). The
first additional tunable RF filter path also includes the
cross-coupling capacitive structure C(NM1) that is electri-
cally connected between the resonator R(1,1) and the reso-
nator R(1,2). A second additional tunable RF filter path, a
third additional tunable RF filter path, a fourth additional
tunable RF filter path, and a fifth additional tunable RF filter
path are also defined from the input terminal IN, to the
output terminal OUT,. The second additional tunable RF
filter path includes the resonator R(1,1), the cross-coupling
capacitive structure C(PM1), the resonator R(1,2), the cross-
coupling capacitive C(PM2), and the resonator R(2,2). Addi-
tionally, the third additional tunable RF filter path includes
the resonator R(1,1), the cross-coupling capacitive structure
C(PM3), the resonator R(2,1), the cross-coupling capacitive
C(PM4), and the resonator R(2,2). The fourth additional
tunable RF filter path includes the resonator R(1,1), the
cross-coupling capacitive structure C(PM1), the resonator
R(1,2), the cross-coupling capacitive C(NM2), the resonator
R(2,1), the cross-coupling capacitive structure C(PM4), and
the resonator R(2,2). Finally, the fifth additional tunable RF
filter path includes the resonator R(1,1), the cross-coupling
capacitive structure C(PM3), the resonator R(2,1), the cross-
coupling capacitive C(NM2), the resonator R(1,2), the
cross-coupling capacitive structure C(PM2), and the reso-
nator R(2,2).

If the output terminal OUT, were not provided, but the
input terminal IN, and the input terminal IN, were provided,
the first RF filter structure 60 shown in FIG. 29 would be
provided as an embodiment of the first RF filter structure 60
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shown in FIG. 28B. In this case, the second tunable RF filter
path 68 still provides a path between the input terminal IN,
and the output terminal OUT,. However, assuming that the
output terminal OUT), is not provided for MISO operation,
the first additional tunable RF filter path, the second addi-
tional tunable RF filter path, the third additional tunable RF
filter path, the fourth additional tunable RF filter path, and
the fifth additional tunable RF filter path would provide the
paths from the input terminal IN, to the output terminal
OUT,.

Finally, if the input terminal IN, and the output terminal
OUT, were not provided, the first RF filter structure 60
shown in FIG. 29 would be provided as an embodiment of
the first RF filter structure 60 shown in FIG. 28C. In this
case, the second tunable RF filter path 68 still provides a
path between the input terminal IN, and the output terminal
OUT,. However, assuming that the output terminal IN, is
not provided for MISO operation, the first additional tunable
RF filter path, the second additional tunable RF filter path,
the third additional tunable RF filter path, the fourth addi-
tional tunable RF filter path, and the fifth additional tunable
RF filter path would provide the paths from the input
terminal IN, to the output terminal OUT,. This may con-
stitute a SISO filter implemented with an array to allow for
a large number of signal paths and thus create one or more
notches in the transfer function.

With regard to the resonators R(1,1), R(1,2), R(2,1),
R(2,2) shown in FIG. 29, the resonators R(1,1), R(1,2),
R(2,1), R(2,2) may each be single-ended resonators, differ-
ential resonators, or different combinations of single-ended
resonators and differential resonators. The resonator R(1,1)
and the resonator R(1,2) in the first tunable RF filter path 66
may each be provided in accordance with any of the embodi-
ments of the resonator R(1,1) and the resonator R(1,2)
described above with respect to FIGS. 22-27. For example,
the resonator R(1,1) may include the inductor 208 (see FIG.
24) and the capacitive structure 210 (see FIG. 24). The
resonator R(1,2) may include the inductor 212 and the
capacitive structure 214 (see FI1G. 24). The resonator R(2,1)
may include an inductor (like the inductor 208 in FIG. 24)
and a capacitive structure (like the capacitive structure 210
shown in FIG. 24). The resonator R(2,2) may include an
inductor (like the inductor 212 in FIG. 24) and a capacitive
structure (like the capacitive structure 214 shown in FIG.
24).

Additionally, one or more of the resonators R(1,1), R(1,2)
in the first tunable RF filter path 66 and one or more of the
resonators R(2,1), R(2,2) in the second tunable RF filter path
68 may be weakly coupled. Thus, the resonators R(1,1),
R(1,2), R(2,1), R(2,2) may be operably associated with one
another such that an energy transfer factor between each of
the resonators R(1,1), R(1,2), R(2,1), R(2,2) is less than
10%. Alternatively, the energy transfer factor between only
a subset of the resonators R(1,1), R(1,2), R(2,1), R(2,2) is
less than 10%. In addition, in at least some embodiments,
not all of the resonators R(1,1), R(1,2), R(2,1), R(2,2) are
weakly coupled to one another.

In this embodiment, the inductor 208 (see FIG. 24) of the
resonator R(1,1), the inductor 212 (see FIG. 24) of the
resonator R(1,2), the inductor of the resonator R(2,1), and
the inductor of the resonator R(2,2) may all be weakly
coupled to one another. In some embodiments, displace-
ments between the inductor 208 (see FIG. 24) of the
resonator R(1,1), the inductor 212 (see FIG. 24) of the
resonator R(1,2), the inductor of the resonator R(2,1), and
the inductor of the resonator R(2,2) may all be less than or
equal to half the maximum lateral width of the inductor 212.
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Alternatively, in other embodiments, only a proper subset of
the inductor 208 (see FIG. 24) of the resonator R(1,1), the
inductor 212 (see FIG. 24) of the resonator R(1,2), the
inductor of the resonator R(2,1), and the inductor of the
resonator R(2,2) may have displacements that are less than
or equal to half the maximum lateral width of the inductor
212.

FIG. 30 illustrates yet another embodiment of the first RF
filter structure 60. The first RF filter structure 60 includes the
resonators R described above with respect to FIG. 21. The
resonators R of the first RF filter structure 60 shown in FIG.
30 are arranged as a two-dimensional matrix of the resona-
tors R. In this embodiment, the first RF filter structure 60
includes an embodiment of the first tunable RF filter path 66,
an embodiment of the second tunable RF filter path 68, an
embodiment of the third tunable RF filter path 110, and an
embodiment of the fourth tunable RF filter path 112. Thus,
the integer M for the first RF filter structure 60 shown in
FIG. 30 is four (4) or greater. Additionally, the integer N for
the first RF filter structure 60 shown in FIG. 30 is 3 or
greater. Note that in alternative embodiments, the integer M
may be two (2) or greater and the integer N may be two (2)
or greater. It should be noted that in alternative embodiments
the number of resonators R in each row and column may be
the same or different.

In the embodiment of the first RF filter structure 60 shown
in FIG. 30, the first tunable RF filter path 66 includes the
resonator R(1,1), the resonator R(1,2), and one or more
additional resonators R, such as the resonator R(1,N), since
the integer N is 3 or greater. All of the weakly coupled
resonators R(1,1) through R(1,N) are weakly coupled to one
another. Furthermore, the first tunable RF filter path 66 is
electrically connected between a terminal TU1 and a termi-
nal TANT1. With regard to the second tunable RF filter path
68, the second tunable RF filter path 68 includes the reso-
nator R(2,1), the resonator R(2,2), and one or more addi-
tional resonators R, such as the resonator R(2,N), since the
integer N is 3 or greater. All of the weakly coupled resona-
tors R(2,1) through R(2,N) are weakly coupled to one
another. Furthermore, the second tunable RF filter path 68 is
electrically connected between a terminal TU2 and a termi-
nal TANT2.

With regard to the third tunable RF filter path 110, the
third tunable RF filter path 110 includes a resonator R(3,1),
a resonator R(3,2), and one or more additional resonators R,
such as a resonator R(3,N), since the integer N is 3 or
greater. All of the weakly coupled resonators R(3,1) through
R(3,N) are weakly coupled to one another. Alternatively,
only a proper subset of them may be weakly coupled to one
another. Furthermore, the third tunable RF filter path 110 is
electrically connected between a terminal TU3 and a termi-
nal TANT3. With regard to the fourth tunable RF filter path
112, the fourth tunable RF filter path 112 includes the
resonator R(M,1), the resonator R(M,2), and one or more
additional resonators R, such as the resonator R(M,N), since
the integer N is 3 or greater. All of the weakly coupled
resonators R(M,1) through R(M,N) are weakly coupled to
one another. Alternatively, only a proper subset of them may
be weakly coupled to one another. Furthermore, the fourth
tunable RF filter path 112 is electrically connected between
a terminal TU4 and a terminal TANT4.

The first tunable RF filter path 66 is configured to receive
RF signals and output filtered RF signals. It should be noted
that the first RF filter structure 60 may include any number
of tunable RF filter paths, such as, for example, the third
tunable RF filter path 110, the fourth tunable RF filter path
112, the fifth tunable RF filter path 122, and the sixth tunable
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RF filter path 124, described above with respect to FIGS.
11-14. Each of the resonators R may be a tunable resonator,
which allows for a resonant frequency of each of the
resonators to be varied to along a frequency range. In
alternative embodiments, only a proper subset of the reso-
nators R may be tunable. In still another embodiment, all of
the resonators R are not tunable, but rather have a fixed
transfer function.

In some embodiments, all of the resonators R in the first
RF filter structure 60 shown in FIG. 30 are weakly coupled
to one another. Thus, the resonators R may all be operably
associated with one another such that energy transfer factors
between the resonators R are less than 10%. Alternatively,
the energy transfer factor is less than 10% only among a
proper subset of the resonators R. In other embodiments,
only the resonators R in adjacent tunable RF filter paths 66,
68, 110, 112 are weakly coupled to one another. For
example, all the resonators R(1,1) through R(1,N) may be
weakly coupled to all the resonators R(2,1) through R(2,N).
In still other embodiments, only subsets of adjacent resona-
tors R may be weakly coupled to each other. For example,
the resonators R(1,1), R(1,2) may be weakly coupled to the
resonators R(2,1), R(2,2), while the resonators R(3,1), R(3,
2) may be weakly coupled to the resonators R(M,1), R(M,2).
These and other combinations would be apparent to one of
ordinary skill in the art in light of this disclosure.

Sets S(1), S(2), S(3), S(4), S(5), and S(6) of cross-coupled
capacitive structures are electrically connected between the
resonators R. Each of the sets S(1), S(2), S(3), S(4), S(5),
and S(6) is arranged like the set S of cross-coupled capaci-
tive structures described above with respect to FIG. 29. For
example, in one particular exemplary embodiment (e.g.,
when M=4 and N=3), the set S(1) of cross-coupled capaci-
tive structures is electrically connected between the resona-
tors R(1,1), R(1,2) in the first tunable RF filter path 66 and
the resonators R(2,1), R(2,2) in the second tunable RF filter
path 68. The set S(2) of cross-coupled capacitive structures
is electrically connected between the resonators R(1,2),
R(1,N) in the first tunable RF filter path 66 and the resona-
tors R(2,2), R(2,N) in the second tunable RF filter path 68.
The set S(3) of cross-coupled capacitive structures is elec-
trically connected between the resonators R(2,1), R(2,2) in
the second tunable RF filter path 68 and the resonators
R(3,1), R(3,2) in the third tunable RF filter path 110. The set
S(4) of cross-coupled capacitive structures is electrically
connected between the resonators R(2,2), R(2,N) in the
second tunable RF filter path 68 and the resonators R(3,2),
R(3,N) in the third tunable RF filter path 110. The set S(5)
of cross-coupled capacitive structures is electrically con-
nected between the resonators R(3,1), R(3,2) in the third
tunable RF filter path 110 and the resonators R(M,1), R(M,2)
in the fourth tunable RF filter path 112. Finally, the set S(6)
of cross-coupled capacitive structures is electrically con-
nected between the resonators R(3,2), R(3,N) in the third
tunable RF filter path 110 and the resonators R(M,2),
R(M,N) in the fourth tunable RF filter path 112. Note that
some cross-coupled capacitive structures in the sets S(1),
S(2), S(3), S(4), S(5), and S(6) of cross-coupled capacitive
structures for the resonators R in adjacent columns or in
adjacent ones of the tunable RF filter paths 66, 68, 110, 112
overlap. This is because in the matrix of the resonators R,
each of the resonators R is adjacent to multiple other ones of
the resonators R. In another embodiment, the sets S(1), S(2),
S(3), S(4), S(5), and S(6) of cross-coupled capacitive struc-
tures may be connected between non-adjacent resonators R.

10

15

20

25

30

35

40

45

50

55

60

65

50

For example, there may be cross-coupled capacitive struc-
tures between resonators R that are more than one column or
row apart.

FIG. 31 illustrates the embodiment of the first RF filter
structure 60 shown in FIG. 30 electrically connected to the
first RF antenna 16, the second RF antenna 32, a third RF
antenna 246, and a fourth RF antenna 247. More specifically,
the first tunable RF filter path 66 is electrically connected to
the first RF antenna 16 at the terminal TANT1. The second
tunable RF filter path 68 is electrically connected to the
second RF antenna 32 at the terminal TANT2. The third
tunable RF filter path 110 is electrically connected to the
third RF antenna 246 at the terminal TANT3. The fourth
tunable RF filter path 112 is electrically connected to the
fourth RF antenna 247 at the terminal TANT4. With the sets
S(1), S(2), S(3), S4), S(5), and S(6) of cross-coupled
capacitive structures, the first RF filter structure 60 shown in
FIG. 31 forms an interconnected two-dimensional matrix of
the resonators R. Thus, in addition to the first tunable RF
filter path 66, the second tunable RF filter path 68, the third
tunable RF filter path 110, and the fourth tunable RF filter
path 112, the sets S(1), S(2), S(3), S(4), S(5), and S(6) of
cross-coupled capacitive structures provide a multitude of
additional tunable RF filter paths between the terminals
TU1, TU2, TU3, TU4 and the terminals TANT1, TANT?2,
TANT3, TANT4. It should be noted that in alternative
embodiments, the terminals TANT1, TANT2, TANTS3,
TANT4 may not be connected to antennas. Some antennas
may be omitted depending on the functionality being real-
ized.

By tuning the sets S(1), S(2), S(3), S(4), S(5), and S(6),
the first RF filter structure 60 shown in FIG. 31 can be tuned
so that any combination of the resonators R is selectable for
the propagation of RF signals. More specifically, the first RF
filter structure 60 shown in FIG. 31 is tunable to route RF
receive signals from any combination of the terminals
TANT1, TANT2, TANT3, TANT4 to any combination of the
terminals TU1, TU2, TU3, TU4. Additionally, the first RF
filter structure 60 shown in FIG. 31 is tunable to route RF
transmission signals from any combination of the terminals
TU1, TU2, TU3, TU4 to the terminals TANT1, TANT2,
TANT3, TANT4. Accordingly, the first RF filter structure 60
can be configured to implement various MIMO, SIMO,
MISO, and SISO operations.

FIG. 32 illustrates the first RF filter structure 60 shown in
FIGS. 30 and 31 with examples of additional tunable RF
filter paths 248, 250 highlighted. It should be noted, how-
ever, that there are a vast number of additional combinations
of the resonators R that may be selected to provide tunable
RF filter paths (e.g., the first tunable RF filter path 66, the
second tunable RF filter path 68, the third tunable RF filter
path 110, the fourth tunable RF filter path 112, the additional
tunable RF filter path 248, and the additional tunable RF
filter path 250) between the terminals TU1, TU2, TU3, TU4
and the terminals TANT1, TANT2, TANT3, TANT4. An
explicit description of all of the various combinations of the
resonators R that may be implemented with the first RF filter
structure 60 shown in FIGS. 30-32 is simply impractical
given the high number of possible combinations. Along with
the previous descriptions, the additional tunable RF filter
paths 248, 250 are highlighted in FIG. 32 simply to give
examples of the basic concepts. However, the combinations
provided for the additional tunable RF filter paths 248, 250
are in no way limiting, as any combination of the resonators
R may be selected to route RF signals between the terminals
TU1, TU2, TU3, TU4 and the terminals TANT1, TANT?2,
TANT3, TANT4. Any number of functions, such as signal
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combining, splitting, multiplexing, and demultiplexing, with
various filtering profiles for each, may be realized.

With regard to the additional tunable RF filter paths 248,
250 highlighted in FIG. 32, the additional tunable RF filter
paths 248, 250 may be used during MIMO, SIMO, MISO,
and SISO operations. More specifically, the additional tun-
able RF filter path 248 connects the terminal TANT1 to the
terminal TU2. The additional tunable RF filter path 250
connects the terminal TANT3 to the terminal TU2. As such,
the first RF filter structure 60 may be tuned so that the
additional tunable RF filter path 248 and the additional
tunable RF filter path 250 are selected in a MISO operation
from the terminal TANT1 and the terminal TANT3 to the
terminal TU2. The additional tunable RF filter paths 248,
250 may also be used in SIMO operations. For example, the
first RF filter structure 60 may be tuned so that the first
tunable RF filter path 66 and the additional tunable RF filter
path 248 are selected in a SIMO operation from the terminal
TU2 to the terminal TANT1. The additional tunable RF filter
paths 248, 250 can also be used in SISO operations from the
terminal TANT1 to the terminal TU2 or from the terminal
TANT3 to the terminal TU2. Finally, the additional tunable
RF filter paths 248, 250 may also be used in SIMO opera-
tions. For instance, the first RF filter structure 60 may be
tuned so that the first tunable RF filter path 66 and the
additional tunable RF filter path 250 are selected in a SIMO
operation from the terminal TANT1 to the terminal TU1 and
from the terminal TANT3 to the terminal TU2.

In some applications involving the first RF filter structure
60 in FIGS. 30-32, MISO and SIMO operations can be used
in conjunction with wideband antenna cables or fiber for
transmitting RF signals in multiple RF communication fre-
quency bands. Specific communication frequency bands can
be processed by certain dedicated RF filtering paths in the
first RF filter structure 60. For example, different RF signals
may be injected from a wideband antenna and then propa-
gated along different dedicated tunable RF filter paths in the
first RF filter structure 60 to the terminals TU1, TU2, TU3,
TU4. These dedicated tunable RF filter paths can be con-
figured to have a transfer function that is specifically
designed to handle these RF signals. Furthermore, the first
RF filter structure 60 shown in FIGS. 30-32 is configured to
tune a transfer function of any of the specific tunable RF
filter paths (e.g., the first tunable RF filter path 66, the
second tunable RF filter path 68, the third tunable RF filter
path 110, the fourth tunable RF filter path 112, the additional
tunable RF filter path 248, and the additional tunable RF
filter path 250) in the first RF filter structure 60 by tuning
resonators R that are not in the specific tunable RF filter path
being used to route RF signals. This can help reduce
out-of-band noise and reduce insertion losses. It can also
improve isolation and out-of-band attenuation.

FIG. 33 illustrates yet another embodiment of the first RF
filter structure 60. The first RF filter structure 60 includes the
resonators R and is arranged as a two-dimensional matrix of
the resonators R, where N is equal to four (4) and M is equal
to three (3). In this embodiment, the first RF filter structure
60 includes an embodiment of the first tunable RF filter path
66, an embodiment of the second tunable RF filter path 68,
and an embodiment of the third tunable RF filter path 110.
It should be noted that in alternative embodiments, the
number of resonators R in each row and column may be the
same or different.

In the embodiment of'the first RF filter structure 60 shown
in FIG. 33, the first tunable RF filter path 66 includes the
resonator R(1,1), the resonator R(1,2), the resonator R(1,3),
and the resonator R(1,4). Furthermore, the first tunable RF
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filter path 66 is electrically connected between the terminal
TU1 and the terminal TANT1. With regard to the second
tunable RF filter path 68, the second tunable RF filter path
68 includes the resonator R(2,1), the resonator R(2,2), a
resonator R(2,3), and a resonator R(2,4). Furthermore, the
second tunable RF filter path 68 is electrically connected
between the terminal TU2 and the terminal TANT2. With
regard to the third tunable RF filter path 110, the third
tunable RF filter path 110 includes the resonator R(3,1), the
resonator R(3,2), a resonator R(3,3), and a resonator R(3,4).
Furthermore, the third tunable RF filter path 110 is electri-
cally connected between the terminal TU3 and the terminal
TANTS3.

In this embodiment, the resonators R in a subset 252 of the
resonators R(1,1), R(1,2) in the first tunable RF filter path 66
are weakly coupled to one another. A cross-coupling capaci-
tive structure CS1 is electrically connected between the
resonators R(1,1), R(1,2). The cross-coupling capacitive
structure CS1 is a variable cross-coupling capacitive struc-
ture configured to vary a variable electric coupling coeffi-
cient between the resonators R(1,1), R(1,2). A subset 254 of
the resonators R(1,3), and R(1,4) in the second tunable RF
filter path 68 is also weakly coupled to each other. A
cross-coupling capacitive structure CS2 is electrically con-
nected between the resonators R(1,3), R(1,4). The cross-
coupling capacitive structure CS2 is a variable cross-cou-
pling capacitive structure configured to vary a variable
electric coupling coeflicient between the resonators R(1,3),
R1,4).

As shown in FIG. 33, a unidirectional coupling stage 256
is electrically connected within the first tunable RF filter
path 66. The unidirectional coupling stage 256 defines an
amplifier gain and is configured to provide amplification
within the first tunable RF filter path 66 in accordance with
the amplifier gain. In some embodiments, the amplifier gain
of the unidirectional coupling stage 256 is a variable ampli-
fier gain. In this embodiment, the unidirectional coupling
stage 256 is electrically connected between the resonator
R(1,2) and the resonator R(1,3). The variable amplifier gain
can thus control a variable electric coupling coeflicient
between the resonator R(1,2) in the subset 252 and the
resonator R(1,3) in the subset 254. Since the unidirectional
coupling stage 256 is an active semiconductor component,
the unidirectional coupling stage 256 is unidirectional and
thus only allows signal propagations from an input terminal
IA of the unidirectional coupling stage 256 to an output
terminal OA of the unidirectional coupling stage 256. Thus,
the resonator R(1,2) in the subset 252 is unidirectionally
mutual electrically coupled to the resonator R(1,3) in the
subset 254.

Note that the resonators R(1,3), R(1,4) in the subset 254
are not electrically connected to the second tunable RF filter
path 68 and the third tunable RF filter path 110. As such, the
unidirectional coupling stage 256 thus results in a portion of
the first tunable RF filter path 66 with the subset 254 of the
resonators R(1,3), R(1,4) to be unidirectional. Consequently,
signal flow can be to the terminal TANT1 but not from the
terminal TANT1. Since the unidirectional coupling stage
256 is unidirectional, the variable amplifier gain (and thus
the variable electric coupling coefficient between the reso-
nator R(1,2) and the resonator R(1,3)) may be controlled
using feed-forward control techniques and/or feedback con-
trol techniques.

Next, the resonators R in a subset 258 of the resonators
R(2,1), R(2,2), R(3,1), and R(3,2) in the second tunable RF
filter path 68 and in the third tunable RF filter path 110 are
weakly coupled to one another. An unidirectional coupling
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stage 260 is electrically connected between the first tunable
RF filter path 66 and the second tunable RF filter path 68.
More specifically, the unidirectional coupling stage 260 is
electrically connected between the resonator R(1,1) and the
resonator R(2,1). The unidirectional coupling stage 260
defines an amplifier gain and is configured to provide
amplification in accordance with the amplifier gain. In some
embodiments, the amplifier gain of the unidirectional cou-
pling stage 260 is a variable amplifier gain. The variable
amplifier gain thus can control a variable electric coupling
coeflicient between the resonator R(1,1) in the subset 252
and the resonator R(2,1) in the subset 258. A cross-coupling
capacitive structure CS3 is electrically connected between
the resonator R(1,2) and the resonator R(2,2). The cross-
coupling capacitive structure CS3 is a variable cross-cou-
pling capacitive structure configured to vary a variable
electric coupling coeflicient between the resonators R(1,2),
R(2,2).

To interconnect the resonators R(2,1), R(2,2), R(3,1), and
R(3,2), a set S(A) of cross-coupling capacitive structures is
electrically connected between the resonators R(2,1), R(2,
2), R(3,1), and R(3,2) in the subset 258. The set S(A) of
cross-coupling capacitive structures is arranged like the set
S of cross-coupling capacitive structures described above
with respect to FIG. 29. Additionally, the resonators R in a
subset 262 of the resonators R(2,3), R(2,4), R(3,3), and
R(3,4) in the second tunable RF filter path 68 and in the third
tunable RF filter path 110 are weakly coupled to one another.
A set S(B) of cross-coupling capacitive structures is elec-
trically connected between the resonators R(2,3), R(2.4),
R(3,3), and R(3,4) in the subset 262. The set S(B) of
cross-coupling capacitive structures is arranged like the set
S of cross-coupling capacitive structures described above
with respect to FIG. 29.

To interconnect the subset 258 and the subset 262, the first
RF filter structure 60 shown in FIG. 33 includes a cross-
coupling capacitive structure CS4 and a unidirectional cou-
pling stage 264. The cross-coupling capacitive structure CS4
is electrically connected between the resonators R(2,2),
R(2,3). The cross-coupling capacitive structure CS4 is a
variable cross-coupling capacitive structure configured to
vary a variable electric coupling coefficient between the
resonators R(2,2), R(2,3). The unidirectional coupling stage
264 is electrically connected within the third tunable RF
filter path 110. In this embodiment, the unidirectional cou-
pling stage 264 is electrically connected between the reso-
nator R(3,3) and the resonator R(3,2). The unidirectional
coupling stage 264 defines an amplifier gain and is config-
ured to provide amplification within the third tunable RF
filter path 110 in accordance with the amplifier gain. In some
embodiments, the amplifier gain of the unidirectional cou-
pling stage 264 is a variable amplifier gain. The variable
amplifier gain can thus control a variable electric coupling
coeflicient between the resonator R(3,3) in the subset 262
and the resonator R(3,2) in the subset 258. Since the
unidirectional coupling stage 264 is an active semiconductor
component, the unidirectional coupling stage 264 is unidi-
rectional and thus only allows signal propagations from an
input terminal IB of the unidirectional coupling stage 264 to
an output terminal OB of the unidirectional coupling stage
264. Thus, the resonator R(3,3) in the subset 262 is unidi-
rectionally mutual electrically coupled to the resonator R(3,
2) in the subset 258. Consequently, the third tunable RF filter
path 110 shown in FIG. 33 is unidirectional if the signal flow
is between the terminal TANT3 and the terminal TU3
though the third tunable RF filter path 110. As such signal
flow between the terminal TANT3 and the terminal TU3 is
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provided only through the third tunable RF filter path 110,
signal flow can only be from the terminal TANT3 to the
terminal TU3, and not vice versa. In other cases, an addi-
tional tunable RF signal path (e.g., the additional RF termi-
nal tunable RF signal path that includes the resonators
R(@3.1), R(2,2), R(2,3) and R(3,4)) can be tuned to provide
bidirectional signal flow between the terminal TU3 and the
terminal TANT3 through the cross-coupling capacitive
structure CS4. The unidirectional coupling stages 256, 260,
264 may be active devices, such as amplifiers, diodes,
transistors, networks of transistors, buffer stages, attenuation
stages, and the like. The unidirectional coupling stages 256,
260, 264 can have gains higher than one (1), lower than one
(1), or equal to one (1). Additionally, the unidirectional
coupling stages 256, 260, 264 may be passive devices. The
unidirectional coupling stages 256, 260, 264 may not be
entirely or ideally unilateral, but may have some finite
reverse coupling. In this case, the unidirectional coupling
stages 256, 260, 264 may be predominately unilateral. One
example in which the unidirectional coupling stages 256,
260, 264 may be used for multi-resonator applications and
may improve isolation between certain parts, such as trans-
mission ports and receive ports of a duplexer.

FIG. 34 illustrates yet another embodiment of the first RF
filter structure 60. The first RF filter structure 60 shown in
FIG. 34 is integrated into an IC package 266. The first RF
filter structure 60 shown in FIG. 34 includes the resonators
R and is arranged as a two-dimensional matrix of the
resonators R, where N is equal to three (3) and M is equal
to two (2). It should be noted that in alternative embodi-
ments the number of resonators R in each row and column
may be the same or different.

In this embodiment, the first RF filter structure 60
includes an embodiment of the first tunable RF filter path 66
and an embodiment of the second tunable RF filter path 68.
The first tunable RF filter path 66 includes the resonator
R(1,1), the resonator R(1,2), and the resonator R(1,3). The
second tunable RF filter path 68 includes the resonator
R(2,1), the resonator R(2,2), and the resonator R(2,3). A set
S(X) of cross-coupling capacitive structures is electrically
connected between the resonators R(1,1), R(1,2), R(2,1),
and R(2,2). The set S(X) of cross-coupling capacitive struc-
tures is arranged like the set S of cross-coupling capacitive
structures described above with respect to FIG. 29. A set
S(Y) of cross-coupling capacitive structures is electrically
connected between the resonators R(1,2), R(1,3), R(2,2),
and R(2,3). The set S(Y) of cross-coupling capacitive struc-
tures is also arranged like the set S of cross-coupling
capacitive structures described above with respect to FIG.
29.

As shown in FIG. 34, the IC package 266 houses a
package substrate 268, a semiconductor die 270, and a
semiconductor die 272. The semiconductor die 270 and the
semiconductor die 272 are mounted on the package substrate
268. In this embodiment, the resonators R of the first RF
filter structure 60 are formed by the package substrate 268.
The set S(X) of cross-coupling capacitive structures is
formed by the semiconductor die 270. On the other hand, the
set S(Y) of cross-coupling capacitive structures is formed by
the semiconductor die 272. Thus, the set S(X) of cross-
coupling capacitive structures and the set S(Y) of cross-
coupling capacitive structures are formed on multiple and
separate semiconductor dies 270, 272. Using the multiple
and separate semiconductor dies 270, 272 may be helpful in
order to increase isolation. The multiple and separate semi-
conductor dies 270, 272 may have less area than the semi-
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conductor die 268 shown in FIG. 34. As such, the embodi-
ment shown in FIG. 35 may consume less die area.

FIG. 35 illustrates another embodiment of an IC package
266' that houses the same embodiment of the first RF filter
structure 60 described above with regard to FIG. 34. The IC
package 266' is the same as the IC package 266 shown in
FIG. 34, except that the IC package 266' only has a single
semiconductor die 274. In this embodiment, both the set
S(X) of cross-coupling capacitive structures and the set S(Y)
of cross-coupling capacitive structures are formed by the
semiconductor die 272. Thus, the IC package 266' allows for
a more compact arrangement than the IC package 266.

FIG. 36 illustrates yet another embodiment of the first RF
filter structure 60. In this embodiment, the first RF filter
structure 60 is arranged as a three-dimensional matrix of
resonators R1, R2, R3. More specifically, a two-dimensional
matrix of the resonators R1 is provided on a plane k, a
two-dimensional array of the resonators R2 is provided on a
plane m, and a two-dimensional array of the resonators R3
is provided on a plane n. Cross-coupling capacitive struc-
tures CC are electrically connected between the resonators
R1, R2, R3 that are adjacent to one another in the same plane
k,m,n and in the different planes k,m,n. The three-dimen-
sional matrix of resonators R1, R2, R3 thus allows for more
resonators to be cross-coupled to one another. This allows
for the first RF filter structure 60 to provide greater numbers
of tunable RF filter paths and allows for the first RF filter
structure 60 to be tuned more accurately.

In general, having more tunable RF filter paths allows for
the synthesis of a more complex transfer function with
multiple notches for better blocker rejection. The number of
resonators R1, R2, R3 in each of the planes k, n, m may be
different or the same. The three-dimensional matrix of
resonators can be used in MIMO, SIMO, MISO, and SISO
applications.

FIG. 37 shows the RF communications circuitry 54
according to one embodiment of the RF communications
circuitry 54. The RF communications circuitry 54 illustrated
in FIG. 37 is similar to the RF communications circuitry 54
illustrated in FIG. 4, except in the RF communications
circuitry 54 illustrated in FIG. 37, the RF receive circuitry
62, the first tunable RF filter path 66, and the second tunable
RF filter path 68 are omitted. Additionally, the RF front-end
circuitry 58 further includes an antenna matching filter 600;
the first RF filter structure 60 includes a first tunable RF filter
602, which is a first tunable RF transmit filter 604 in one
embodiment of the first tunable RF filter 602; and the RF
system control circuitry 56 includes a measurement-based
RF spectrum profile 606.

In one embodiment of the first RF filter structure 60, the
RF filter structure 60 includes the pair of weakly coupled
resonators R(1,1), R(1,2) (FIG. 21). Additionally, the first
RF filter structure 60 includes the first connection node 70
and the first common connection node 74. The first tunable
RF filter 602 is directly coupled between the first connection
node 70 and the first common connection node 74. The
antenna matching filter 600 is coupled between the first
common connection node 74 and the first RF antenna 16,
such that the first tunable RF filter 602 is coupled to the first
RF antenna 16 via the antenna matching filter 600. In an
alternate embodiment of the RF front-end circuitry 58, the
antenna matching filter 600 is omitted, such that the first
tunable RF filter 602 is directly coupled to the first RF
antenna 16. In another embodiment of the RF front-end
circuitry 58, the antenna matching filter 600 includes both
filtering circuitry and switching circuitry. In a further
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embodiment of the RF front-end circuitry 58, the antenna
matching filter 600 is replaced with switching circuitry (not
shown).

The RF system control circuitry 56 provides a first filter
control signal FCS1 and a first filter reconfiguration signal
FCS1R to the first tunable RF filter 602 in general, and to the
first tunable RF transmit filter 604 in particular. In general,
the RF communications circuitry 54 includes control cir-
cuitry 56, 98 (FIG. 39), which may be either the RF system
control circuitry 56 or the RF front-end control circuitry 98
(FIG. 39), that provides the first filter control signal FCS1
and the first filter reconfiguration signal FCS1IR. In one
embodiment of the first filter control signal FCS1, the first
filter control signal FCS1 is based on the measurement-
based RF spectrum profile 606. In one embodiment of the
first filter reconfiguration signal FCS1R, the first filter recon-
figuration signal FCS1R is based on the measurement-based
RF spectrum profile 606. In an alternate embodiment of the
RF communications circuitry 54, the first filter reconfigu-
ration signal FCS1R is omitted.

The RF system control circuitry 56 provides the first
transmit signal TX1 to the RF transmit circuitry 64, which
receives and processes the first transmit signal TX1 to
provide the first upstream RF transmit signal TU1 to the first
tunable RF filter 602 via the first connection node 70. The
first tunable RF transmit filter 604 receives and filters the
first upstream RF transmit signal TU1 to provide the first
filtered RF transmit signal TF1 to the antenna matching filter
600 via the first common connection node 74.

In general, in one embodiment of the first tunable RF filter
602, the first tunable RF filter 602 receives and filters an
upstream RF signal to provide a first filtered RF signal, such
that a center frequency, which is a tunable center frequency
626 (FI1G. 40B) of the first tunable RF filter 602, is based on
the first filter control signal FCS1. In one embodiment of the
first tunable RF filter 602, the first tunable RF filter 602 is
a reconfigurable tunable RF filter 602, such that a shape of
a transfer function of the first tunable RF filter 602 is
reconfigurable. As such, in one embodiment of the first
tunable RF filter 602, a configuration of the first tunable RF
filter 602 is based on the first filter reconfiguration signal
FCSI1R.

FIG. 38 shows the RF communications circuitry 54
according to an alternate embodiment of the RF communi-
cations circuitry 54. The RF communications circuitry 54
illustrated in FIG. 38 is similar to the RF communications
circuitry 54 illustrated in FIG. 37, except in the RF com-
munications circuitry 54 illustrated in FIG. 38; the RF
transmit circuitry 64, the antenna matching filter 600, and
the first tunable RF transmit filter 604 are omitted; and the
first tunable RF filter 602 is a first tunable RF receive filter
608. Additionally, the RF front-end circuitry 58 further
includes the RF receive circuitry 62 and RF detection
circuitry 610. The RF receive circuitry 62 illustrated in FIG.
38 may be similar to the RF receive circuitry 62 illustrated
in FIG. 4. The first tunable RF filter 602 is directly coupled
to the first RF antenna 16 via the first common connection
node 74.

The first tunable RF receive filter 608 receives and filters
the first upstream RF receive signal RU1 via the first RF
antenna 16 to provide the first filtered RF receive signal RF1
to the RF receive circuitry 62 and to the RF detection
circuitry 610 via the first connection node 70. The RF
receive circuitry 62 receives and processes the first filtered
RF receive signal RF1 to provide the first receive signal RX1
to the RF system control circuitry 56. Additionally, the RF
detection circuitry 610 receives and detects the first filtered
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RF receive signal RF1 to provide a first detected signal DS1
to the RF system control circuitry 56.

In one embodiment of the RF detection circuitry 610,
detection of the first filtered RF receive signal RF1 is direct
RF detection, which excludes any down-conversion of the
first filtered RF receive signal RF1. By using direct RF
detection, artifacts created by down-conversion techniques
are avoided.

In a first embodiment of the RF communications circuitry
54, the RF communications circuitry 54 is used to create a
group of measurements using at least the first detected signal
DS1 to obtain a profile of an RF communications band 612
(FIG. 40A) of interest. Therefore, the RF communications
circuitry 54 operates as profiling circuitry to obtain the
measurement-based RF spectrum profile 606. As such, the
measurement-based RF spectrum profile 606 is based on the
group of measurements, which are based on the RF com-
munications band 612 (FIG. 40A). In one embodiment of the
control circuitry 56, 98 (F1G. 39), the control circuitry 56, 98
(FIG. 39) constructs the measurement-based RF spectrum
profile 606 based on the group of measurements. In one
embodiment of the RF front-end circuitry 58, the RF receive
circuitry 62 is omitted.

In a second embodiment of the RF communications
circuitry 54, the measurement-based RF spectrum profile
606 was previously provided to the RF system control
circuitry 56, and the RF communications circuitry 54 is used
to receive RF signals for normal operations, such as normal
RF communications. Therefore, the RF communications
circuitry 54 operates as a slave, which uses a previously
defined measurement-based RF spectrum profile 606. In one
embodiment of the RF front-end circuitry 58, the RF detec-
tion circuitry 610 is omitted.

In a third embodiment of the RF communications cir-
cuitry 54, the RF communications circuitry 54 is used for
both profiling and normal operations. As such, the control
circuitry 56, 98 (FIG. 39) selects one of a normal operating
mode and a profiling mode. During the profiling mode, the
RF detection circuitry 610 provides at least the first detected
signal DS1 for the group of measurements, which are used
to construct the measurement-based RF spectrum profile
606. During the normal operating mode, the first tunable RF
filter 602 receives and filters the upstream RF signal to
provide the first filtered RF signal for normal operations.
Therefore, the RF communications circuitry 54 operates
autonomously. During the profiling mode, the RF commu-
nications circuitry 54 operates as profiling circuitry to obtain
the measurement-based RF spectrum profile 606. During the
normal operating mode, the RF communications circuitry 54
operates as a slave, which uses the measurement-based RF
spectrum profile 606 that was obtained during the profiling
mode.

In both embodiments of the first tunable RF filter 602
illustrated in FIGS. 37 and 38 in which the first tunable RF
filter 602 is the first tunable RF transmit filter 604 and the
first tunable RF receive filter 608, respectively, the center
frequency, which is the tunable center frequency 626 (FIG.
40B) of the first tunable RF filter 602, is based on the first
filter control signal FCS1. Further, in one embodiment of the
first tunable RF filter 602, the first tunable RF filter 602 is
the reconfigurable tunable RF filter 602, such that the shape
of the transfer function of the first tunable RF filter 602 is
reconfigurable. As such, in one embodiment of the first
tunable RF filter 602, the configuration of the first tunable
RF filter 602 is based on the first filter reconfiguration signal
FCSI1R.
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FIG. 39 shows the RF communications circuitry 54
according to an additional embodiment of the RF commu-
nications circuitry 54. The RF communications circuitry 54
illustrated in FIG. 39 is similar to the RF communications
circuitry 54 illustrated in FIG. 38, except in the RF com-
munications circuitry 54 illustrated in FIG. 39, the RF
front-end circuitry 58 further includes the RF front-end
control circuitry 98 and the first detected signal DS1
includes a first detected amplitude modulation (AM) signal
AM]1 and a first detected phase modulation (PM) signal
PM1. In an alternate embodiment of the first detected signal
DS1, the first detected PM signal PM1 is omitted.

The RF system control circuitry 56 provides the front-end
control signal FEC to the RF front-end control circuitry 98.
The RF front-end control circuitry 98 provides the first filter
control signal FCS1 and the first filter reconfiguration signal
FCSIR to the first tunable RF filter 602 based on the
front-end control signal FEC. The RF front-end control
circuitry 98 provides the front-end status signal FES to the
RF system control circuitry 56 based on the first detected
signal DS1. As such, the control circuitry 56, 98 includes the
RF system control circuitry 56, the RF front-end control
circuitry 98, or both.

In one embodiment of the RF detection circuitry 610, the
detection of the first filtered RF receive signal RF1 includes
AM detection, such that the first detected AM signal AM1 is
based on the AM detection. In one embodiment of the
measurement-based RF spectrum profile 606, the measure-
ment-based RF spectrum profile 606 is based on at least the
first detected AM signal AM1.

In an alternate embodiment of the RF detection circuitry
610, the detection of the first filtered RF receive signal RF1
includes both AM detection and PM detection, such that the
first detected AM signal AM1 is based on the AM detection
and the first detected PM signal PM1 is based on the PM
detection. In one embodiment of the measurement-based RF
spectrum profile 606, the measurement-based RF spectrum
profile 606 is based on at least the first detected AM signal
AM1 and the first detected PM signal PM1.

FIG. 40A is a graph illustrating a profile of an RF
communications band 612 of interest according to one
embodiment of the RF communications band 612. The RF
communications band 612 includes a group of active RF
signals 614, such that each of the group of active RF signals
614 has a corresponding center frequency 616. FIG. 40B is
a graph illustrating a first bandpass filter response 624 of the
first tunable RF receive filter 608 (FIG. 39) according to one
embodiment of the first tunable RF receive filter 608 (FIG.
39). The first tunable RF receive filter 608 (FIG. 39) has a
tunable center frequency 626.

In one embodiment of the RF communications circuitry
54 (FIG. 39), the first tunable RF receive filter 608 (FIG. 39)
is used to measure and profile the RF communications band
612 by identifying the active RF signals 614 in the RF
communications band 612. The profile is used to develop the
measurement-based RF spectrum profile 606 (FIG. 39) of
the RF communications band 612. The active RF signals 614
may be blocking signals in some RF communications sys-
tems and desired signals in other RF communications sys-
tems. The measurement-based RF spectrum profile 606
(FIG. 39) may be used to help reject the blocking signals and
accept the desired signals.

In this regard, in one embodiment of the control circuitry
56, 98 (FIG. 39), as previously mentioned, the control
circuitry 56, 98 (FI1G. 39) constructs the measurement-based
RF spectrum profile 606 (FIG. 39) based on the group of
measurements, which may be obtained by adjusting the
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tunable center frequency 626 for each measurement until the
entire RF communications band 612 has been profiled. As
such, in one embodiment of the control circuitry 56, 98
(FIG. 39), at least a portion of the group of measurements is
associated with at least a portion of the group of active RF
signals 614.

In one embodiment of the RF communications band 612,
the group of active RF signals 614 includes a pair of
somewhat adjacent weak blockers 618, a pair of adjacent
strong blockers 620, and a one-sided strong blocker 622.
Therefore, the tunable center frequency 626 of the first
tunable RF receive filter 608 (FIG. 39), the configuration of
the first tunable RF receive filter 608 (FIG. 39), or both may
need to be adjusted based on a distribution of the active RF
signals 614.

FIG. 41A is a graph illustrating the first bandpass filter
response 624 and a second bandpass filter response 628 of
the first tunable RF receive filter 608 shown in FIG. 38
according to one embodiment of the first tunable RF receive
filter 608. In general, in one embodiment of the first tunable
RF filter 602 (FIG. 38), the first tunable RF filter 602 (FIG.
38) has either a first configuration or a second configuration
based on the first filter reconfiguration signal FCS1R (FIG.
38). During the first configuration, the first tunable RF filter
602 (FIG. 38) has the first bandpass filter response 624, and
during the second configuration, the first tunable RF filter
602 (FIG. 38) has the second bandpass filter response 628.
An order of the first tunable RF filter 602 (FIG. 38) is higher
during the second configuration than during the first con-
figuration.

A bandwidth of the second bandpass filter response 628 is
narrower than a bandwidth of the first bandpass filter
response 624, as shown in FIG. 41A. As such, the first
bandpass filter response 624 may have a lower slope away
from the tunable center frequency 626 than the second
bandpass filter response 628. Additionally, in the second
bandpass filter response 628, insertion loss increases more
rapidly as the frequency moves away from the tunable center
frequency 626 than the second bandpass filter response 628.
However, the second bandpass filter response 628 has
increased insertion loss 630 toward the tunable center fre-
quency 626 when compared to the first bandpass filter
response 624. Therefore, the first configuration may be used
when blockers are not close to the tunable center frequency
626. However, the second configuration may be used when
blockers are somewhat close to the tunable center frequency
626, such as when the tunable center frequency 626 is
between the somewhat adjacent weak blockers 618 (FIG.
40A).

FIG. 41B is a graph illustrating the first bandpass filter
response 624 and a third bandpass filter response 632 of the
first tunable RF receive filter 608 shown in FIG. 38 accord-
ing to one embodiment of the first tunable RF receive filter
608. The first bandpass filter response 624 is shown for
comparison purposes. In general, in one embodiment of the
first tunable RF filter 602 (FIG. 38), the first tunable RF filter
602 (FIG. 38) has the third bandpass filter response 632
based on the first filter reconfiguration signal FCS1R (FIG.
38). The third bandpass filter response 632 includes a
left-side notch filter response 634 and a right-side notch
filter response 636. As such, the lefi-side notch filter
response 634 has a tunable left-side notch frequency 638 and
the right-side notch filter response 636 has a tunable right-
side notch frequency 640.

A bandwidth of the third bandpass filter response 632 is
narrower than the bandwidth of the first bandpass filter
response 624, as shown in FIG. 41B. However, the third
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bandpass filter response 632 has further increased insertion
loss 642 toward the tunable center frequency 626 when
compared to the first bandpass filter response 624. In this
regard, the third bandpass filter response 632 may be used
when blockers are strong, close to the tunable center fre-
quency 626, or both, such as when the tunable center
frequency 626 is between the adjacent strong blockers 620
(FIG. 40A).

In an alternate embodiment of the first tunable RF filter
602 (FIG. 38), the first tunable RF filter 602 (FIG. 38) has
the third bandpass filter response 632 based on the first filter
reconfiguration signal FCS1R (FIG. 38), except that either
the left-side notch filter response 634 or the right-side notch
filter response 636 is omitted. As such, the first tunable RF
filter 602 (FIG. 38) has a bandpass filter response with a side
notch filter response. In this regard, the bandpass filter
response with a side notch filter response may be used when
a strong blocker on one side is close, such as when the
tunable center frequency 626 is close to the one-sided strong
blocker 622 (FIG. 40A). Specifically, in one embodiment of
the third bandpass filter response 632, the right-side notch
filter response 636 is omitted, such that the third bandpass
filter response 632 has the left-side notch filter response 634
and not the right-side notch filter response 636. Conversely,
in an alternate embodiment of the third bandpass filter
response 632, the left-side notch filter response 634 is
omitted, such that the third bandpass filter response 632 has
the right-side notch filter response 636 and not the left-side
notch filter response 634.

FIG. 42 shows the RF communications circuitry 54
according to an alternate embodiment of the RF communi-
cations circuitry 54. The RF communications circuitry 54
illustrated in FIG. 42 is similar to the RF communications
circuitry 54 illustrated in FIG. 37, except in the RF com-
munications circuitry 54 illustrated in FIG. 42, the antenna
matching filter 600 is omitted, the RF front-end circuitry 58
further includes the RF receive circuitry 62, and the first RF
filter structure 60 further includes a second tunable RF filter
644. The first tunable RF filter 602 is directly coupled to the
first RF antenna 16 via the first common connection node 74,
and the second tunable RF filter 644 is directly coupled to
the first RF antenna 16 via the first common connection node
74. In one embodiment of the second tunable RF filter 644,
the second tunable RF filter 644 is the first tunable RF
receive filter 608.

The first tunable RF receive filter 608 receives and filters
a first upstream RF receive signal via the first RF antenna 16
to provide the first filtered RF receive signal RF1 to the RF
receive circuitry 62 via the second connection node 72. The
RF receive circuitry 62 receives and processes the first
filtered RF receive signal RF1 to provide the first receive
signal RX1 to the RF system control circuitry 56.

The RF system control circuitry 56 provides a second
filter control signal FCS2 and a second filter reconfiguration
signal FCS2R to the second tunable RF filter 644 in general,
and to the first tunable RF receive filter 608 in particular. In
one embodiment of the second filter control signal FCS2, the
second filter control signal FCS2 is based on the measure-
ment-based RF spectrum profile 606. In one embodiment of
the second filter reconfiguration signal FCS2R, the second
filter reconfiguration signal FCS2R is based on the mea-
surement-based RF spectrum profile 606. In an alternate
embodiment of the RF communications circuitry 54, the
second filter reconfiguration signal FCS2R is omitted.

In general, in one embodiment of the second tunable RF
filter 644, the second tunable RF filter 644 receives and
filters an upstream RF signal to provide a first filtered RF
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signal, such that a center frequency, which is a tunable center
frequency of the second tunable RF filter 644, is based on the
second filter control signal FCS2. In one embodiment of the
second tunable RF filter 644, the second tunable RF filter
644 is a reconfigurable tunable RF filter 644, such that a
shape of a transfer function of the second tunable RF filter
644 is reconfigurable. As such, in one embodiment of the
second tunable RF filter 644, a configuration of the second
tunable RF filter 644 is based on the second filter recon-
figuration signal FCS2R.

In one embodiment of the RF communications circuitry
54, the measurement-based RF spectrum profile 606 was
previously provided to the RF system control circuitry 56,
and the RF communications circuitry 54 is used to receive
RF signals and transmit RF signals for normal operations,
such as normal RF communications using the measurement-
based RF spectrum profile 606.

FIG. 43 shows the RF communications circuitry 54
according to an alternate embodiment of the RF communi-
cations circuitry 54. The RF communications circuitry 54
illustrated in FIG. 43 is similar to the RF communications
circuitry 54 illustrated in FIG. 42, except in the RF com-
munications circuitry 54 illustrated in FIG. 43, the RF
front-end circuitry 58 further includes the second RF filter
structure 120, such that the second tunable RF filter 644 is
omitted from the first RF filter structure 60 and then added
to the second RF filter structure 120.

FIG. 44 shows the RF communications circuitry 54
according to an additional embodiment of the RF commu-
nications circuitry 54. The RF communications circuitry 54
illustrated in FIG. 44 is similar to the RF communications
circuitry 54 illustrated in FIG. 38, except in the RF com-
munications circuitry 54 illustrated in FIG. 44, the RF
receive circuitry 62 is omitted and the first RF filter structure
60 further includes the second tunable RF filter 644 and up
to and including an N“7 tunable RF filter 646. Also, the first
RF filter structure 60 further includes up to and including an
N connection node 648. In one embodiment of the second
tunable RF filter 644 and the second tunable RF receive filter
650, the second tunable RF filter 644 is a second tunable RF
receive filter 650 and the N7 tunable RF filter 646 is an N7
tunable RF receive filter 652.

The RF detection circuitry 610 provides the first detected
signal DS1, a second detected signal DS2, and an N™#
detected signal DSN to the RF system control circuitry 56
based on receiving and detecting the first filtered RF receive
signal RF1, the second filtered RF receive signal RF2 and up
to and including an N7 filtered RF receive signal REN. The
RF system control circuitry 56 provides the first filter control
signal FCS1, the second filter control signal FCS2, and up to
and including an N filter control signal FCSN to the RF
detection circuitry 610. Additionally, the RF system control
circuitry 56 provides the first filter reconfiguration signal
FCS1R, the second filter reconfiguration signal FCS2R, and
up to and including an N”¥ filter reconfiguration signal
FCSNR to the RF front-end circuitry 58.

In general, the first RF filter structure 60 includes a group
of'tunable RF filters 602, 644, 646 and a group of connection
nodes 70, 72, 648. The RF system control circuitry 56
provides a group of filter control signals FCS1, FCS2, FCSN
to the group of tunable RF filters 602, 644, 646 to tune the
group of tunable RF filters 602, 644, 646. Additionally, the
RF system control circuitry 56 provides a group of filter
reconfiguration signals FCS1R, FCS2R, FCSNR to config-
ure the group of tunable RF filters 602, 644, 646. The group
of tunable RF filters 602, 644, 646 provides a group of
filtered RF signals RF1, RF2, RFN to the RF detection
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circuitry 610 via the group of connection nodes 70, 72, 648.
The RF detection circuitry 610 receives and detects the
group of filtered RF signals RF1, RF2, RFN to provide a
group of detected signals DS1, DS2, DSN. The measure-
ment-based RF spectrum profile 606 is based on a group of
measurements using the group of detected signals DS1,
DS2, DSN. In one embodiment of the RF detection circuitry
610, the RF detection circuitry 610 includes multiple AM
detectors (not shown) and multiple PM detectors (not
shown), such that each of the group of detected signals DS1,
DS2, DSN has a corresponding detected AM signal and a
corresponding detected PM signal.

FIG. 45 shows the RF communications circuitry 54
according to another embodiment of the RF communications
circuitry 54. The RF communications circuitry 54 illustrated
in FIG. 45 is similar to the RF communications circuitry 54
illustrated in FIG. 43, except in the RF communications
circuitry 54 illustrated in FIG. 45, the RF front-end circuitry
58 further includes the RF front-end control circuitry 98.

The RF front-end control circuitry 98 provides the first
calibration control signal CCS1 and up to and including the
N7 calibration control signal CCSN to the first RF filter
structure 60. The RF front-end control circuitry 98 provides
the P calibration control signal CCSP and up to and
including the X™ calibration control signal CCSX to the
second RF filter structure 120. Details of the first RF filter
structure 60 and the second RF filter structure 120 are not
shown to simplify FIG. 45.

The first RF filter structure 60 provides the first calibra-
tion status signal CSS1 and up to and including the Q™
calibration status signal CSSQ to the RF front-end control
circuitry 98. The second RF filter structure 120 provides the
R™ calibration status signal CSSR and up to and including
the Y™ calibration status signal CSSY to the RF front-end
control circuitry 98. In an alternate embodiment of the RF
front-end circuitry 58, any or all of the N calibration
control signal CCSN, the Q™ calibration status signal
CSSQ, the X™ calibration control signal CCSX, and the
Y™ calibration status signal CSSY are omitted.

In one embodiment of the RF front-end circuitry 58, the
RF front-end circuitry 58 operates in one of a normal
operating mode and a calibration mode. During the calibra-
tion mode, the RF front-end control circuitry 98 performs a
calibration of the first RF filter structure 60, the second RF
filter structure 120, or both. As such, the RF front-end
control circuitry 98 provides any or all of the filter control
signals FCS1, FCS2, any or all of the filter reconfiguration
signals FCS1R, FCS2R, and any or all of the calibration
control signals CCS1, CCSN, CCSP, CCSX needed for
calibration. Further, the RF front-end control circuitry 98
receives any or all of the calibration status signals CSS1,
CSSQ, CSSR, CSSY needed for calibration.

During the normal operating mode, the RF front-end
control circuitry 98 provides any or all of the filter control
signals FCS1, FCS2, any or all of the filter reconfiguration
signals FCS1R, FCS2R, and any or all of the calibration
control signals CCS1, CCSN, CCSP, CCSX needed for
normal operation. Further, the RF front-end control circuitry
98 receives any or all of the calibration status signals CSS1,
CSSQ, CSSR, CSSY needed for normal operation. Any or
all of the calibration control signals CCS1, CCSN, CCSP,
CCSX may be based on the front-end control signal FEC.
The front-end status signal FES may be based on any or all
of the calibration status signals CSS1, CSSQ, CSSR, CSSY.
Further, during the normal operating mode, the RF front-end
circuitry 58 processes signals as needed for normal opera-
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tion. Other embodiments described in the present disclosure
may be associated with normal operation.

FIG. 46 shows the first RF filter structure 60 shown in
FIG. 45 according to one embodiment of the first RF filter
structure 60. The first RF filter structure 60 includes the first
tunable RF filter 602 and RF filter tuning, configuration, and
calibration circuitry 654. The RF filter tuning, configuration,
and calibration circuitry 654 is used to facilitate tuning,
configuration, and calibration of the first tunable RF filter
602. As such, the RF filter tuning, configuration, and cali-
bration circuitry 654 receives the first filter control signal
FCS1 and the first filter reconfiguration signal FCS1R. The
RF filter tuning, configuration, and calibration circuitry 654
further receives the first calibration control signal CCS1 and
up to and including the N7 calibration control signal
CCSN. The RF filter tuning, configuration, and calibration
circuitry 654 provides the first calibration status signal CSS1
and up to and including the Q™ calibration status signal
CSSQ.

The first tunable RF filter 602 includes a first resonator
656, a second resonator 658, a third resonator 660, a fourth
resonator 662, a first coupling circuit 664, a second coupling
circuit 666, a third coupling circuit 668, a fourth coupling
circuit 670, and a fifth coupling circuit 672. The first
resonator 656 is coupled to the first connection node 70 and
the second resonator 658 is coupled to the first common
connection node 74. In general, the first filter control signal
FCS1 is used to tune center frequencies of the resonators
656, 658, 660, 662 and the first filter reconfiguration signal
FCS1R is used to configure the coupling circuits 664, 666,
668, 670, 672 to provide connectivity between the resona-
tors 656, 658, 660, 662.

In one embodiment of the coupling circuits 664, 666, 668,
670, 672, each of the coupling circuits 664, 666, 668, 670,
672 may be configured to provide no connectivity or a
configurable magnitude of connectivity between two of the
resonators 656, 658, 660, 662. Further, in one embodiment
of the coupling circuits 664, 666, 668, 670, 672, each of the
coupling circuits 664, 666, 668, 670, 672 may be configured
to provide either additive or subtractive connectivity
between two of the resonators 656, 658, 660, 662. In the
embodiments that follow, unless stated otherwise, each of
the coupling circuits 664, 666, 668, 670, 672 provides no
connectivity between the resonators 656, 658, 660, 662.

In a first embodiment of the first tunable RF filter 602, the
first tunable RF filter 602 has a first configuration based on
the first filter reconfiguration signal FCS1R, as illustrated in
FIG. 46. In the first configuration, the first coupling circuit
664 is configured to couple the first resonator 656 to the
second resonator 658, thereby providing a first reconfigu-
rable RF filter path 674 between the first connection node 70
and the first common connection node 74 via the first
resonator 656, the first coupling circuit 664, and the second
resonator 658. A first group of resonators includes the first
resonator 656 and the second resonator 658. Therefore, the
first group of resonators includes two resonators. In this
regard, during the first configuration, the first group of
resonators are coupled in series between the first connection
node 70 and the first common connection node 74.

FIG. 47 shows the first RF filter structure 60 shown in
FIG. 45 according to an alternate embodiment of the first RF
filter structure 60. The first RF filter structure 60 illustrated
in FIG. 47 is similar to the first RF filter structure 60
illustrated in FIG. 46, except in the first RF filter structure 60
illustrated in FIG. 47, the first tunable RF filter 602 has a
second configuration instead of the first configuration.
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As such, in a second embodiment of the first tunable RF
filter 602, the first tunable RF filter 602 has the second
configuration based on the first filter reconfiguration signal
FCS1R, as illustrated in FIG. 47. In the second configura-
tion, the first coupling circuit 664 provides no connectivity,
the second coupling circuit 666 is configured to couple the
first resonator 656 to the third resonator 660, and the third
coupling circuit 668 is configured to couple the third reso-
nator 660 to the second resonator 658, thereby providing a
second reconfigurable RF filter path 676 between the first
connection node 70 and the first common connection node
74 via the first resonator 656, the second coupling circuit
666, the third resonator 660, the third coupling circuit 668,
and the second resonator 658. A second group of resonators
includes the first resonator 656, the second resonator 658,
and the third resonator 660. Therefore, the second group of
resonators includes three resonators. A first group of cou-
pling circuits includes the second coupling circuit 666 and
the third coupling circuit 668. In this regard, during the
second configuration, the second group of resonators and the
first group of coupling circuits are coupled in series between
the first connection node 70 and the first common connec-
tion node 74.

The first tunable RF filter 602 illustrated in FIGS. 46 and
47 has a bandpass filter response. However, since the second
group of resonators has more resonators than the first group
of resonators, an order of the first tunable RF filter 602 is
higher during the second configuration than during the first
configuration. Further, during both the first configuration
and the second configuration, the first tunable RF filter 602
has a single path between the first connection node 70 and
the first common connection node 74.

FIG. 48 shows the first RF filter structure 60 shown in
FIG. 45 according to an additional embodiment of the first
RF filter structure 60. The first tunable RF filter 602 illus-
trated in FIG. 48 combines the first configuration and the
second configuration illustrated in FIGS. 46 and 47, respec-
tively. As such, the first tunable RF filter 602 illustrated in
FIG. 48 includes the first reconfigurable RF filter path 674
and the second reconfigurable RF filter path 676. As such,
the first reconfigurable RF filter path 674 and the second
reconfigurable RF filter path 676 share at least one resonator.
Further, the first tunable RF filter 602 includes the first group
of resonators and the second group of resonators, such that
the first group of resonators is not identical to the second
group of resonators. By combining the first reconfigurable
RF filter path 674 and the second reconfigurable RF filter
path 676, the first tunable RF filter 602 illustrated in FIG. 48
has a bandpass filter response with a side notch filter
response.

FIG. 49 shows the first RF filter structure 60 shown in
FIG. 45 according to another embodiment of the first RF
filter structure 60. The first tunable RF filter 602 illustrated
in FIG. 49 combines the first reconfigurable RF filter path
674 and the second reconfigurable RF filter path 676 illus-
trated in FIG. 48 with a third reconfigurable RF filter path
678. As such, in a third embodiment of the first tunable RF
filter 602, the first tunable RF filter 602 has a third configu-
ration based on the first filter reconfiguration signal FCS1R,
as illustrated in FIG. 49. In the third configuration, the first
reconfigurable RF filter path 674, the second reconfigurable
RF filter path 676, and the third reconfigurable RF filter path
678 are provided.

In the third reconfigurable RF filter path 678, the fourth
coupling circuit 670 is configured to couple the first reso-
nator 656 to the fourth resonator 662, and the fifth coupling
circuit 672 is configured to couple the fourth resonator 662
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to the second resonator 658, thereby providing the third
reconfigurable RF filter path 678 between the first connec-
tion node 70 and the first common connection node 74 via
the first resonator 656, the fourth coupling circuit 670, the
fourth resonator 662, the fifth coupling circuit 672, and the
second resonator 658. A third group of resonators includes
the first resonator 656, the second resonator 658, and the
fourth resonator 662.

As such, the first reconfigurable RF filter path 674, the
second reconfigurable RF filter path 676, and the third
reconfigurable RF filter path 678 share at least one resonator.
Further, the first tunable RF filter 602 includes the first group
of resonators, the second group of resonators, and the third
group of resonators, such that the first group of resonators is
not identical to the second group of resonators, the second
group of resonators is not identical to the third group of
resonators, and the first group of resonators is not identical
to the third group of resonators. By combining the first
reconfigurable RF filter path 674, the second reconfigurable
RF filter path 676, and the third reconfigurable RF filter path
678, the first tunable RF filter 602 illustrated in FIG. 49 has
a bandpass filter response with a left-side notch filter
response and a right-side notch filter response.

FIG. 50 shows one embodiment of the RF communica-
tions circuitry 54 and alternate RF communications circuitry
680. The RF communications circuitry 54 includes the
control circuitry 56, 98 (FIG. 39), which includes the
measurement-based RF spectrum profile 606. The measure-
ment-based RF spectrum profile 606 may be useful for
configuration of other RF communications systems. As
such, the RF communications circuitry 54 provides the
measurement-based RF spectrum profile 606 to the alternate
RF communications circuitry 680 via an information trans-
fer system 682. The information transfer system 682 may be
manual or automated and may include any combination of
analog circuitry, digital circuitry, wireless circuitry, commu-
nications circuitry, data storage circuitry, the like, or any
combination thereof.

FIG. 51 shows an electronics apparatus 700 according to
one embodiment of the electronics apparatus 700. Many
electronics systems may have complex nonlinear capaci-
tance effects. Such effects may be non-correlated or weakly
correlated, thereby degrading performance of such electron-
ics systems. Embodiments of the present disclosure present
techniques for mitigating such effects.

The electronics apparatus 700 includes a first electronic
device 702; nonlinear capacitance compensation circuitry
704, which includes a first nonlinear capacitance compen-
sation circuit 706 and a capacitance compensation control
circuit 708; a first sensor 710, and a first replica circuit 712.
In an alternate embodiment of the electronics apparatus 700,
either or both of the first sensor 710 and the first replica
circuit 712 may be omitted.

The first electronic device 702 has a first nonlinear
capacitance CN, which has at least one nonlinearity that may
adversely affect behavior of the first electronic device 702.
The first nonlinear capacitance compensation circuit 706 has
a first compensation capacitance CC. The first electronic
device 702 is coupled to the first nonlinear capacitance
compensation circuit 706. In one embodiment of the first
electronic device 702 and the first nonlinear capacitance
compensation circuit 706, the first electronic device 702 is
coupled to the first nonlinear capacitance compensation
circuit 706 using differential coupling as shown. In an
alternate embodiment of the first electronic device 702 and
the first nonlinear capacitance compensation circuit 706, the
first electronic device 702 is coupled to the first nonlinear
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capacitance compensation circuit 706 using a single-ended
coupling as shown in FIG. 52. The first compensation
capacitance CC is used to at least partially linearize the first
nonlinear capacitance CN.

The capacitance compensation control circuit 708
receives a first status signal SS1, which is representative of
a cause of nonlinearity of the first nonlinear capacitance CN.
The first status signal SS1 may be provided by internal
circuitry in the first electronic device 702, by signals that are
external to the first electronic device 702, or by the coupling
between the first electronic device 702 and the first nonlinear
capacitance compensation circuit 706. As such, the first
status signal SS1 may be a differential signal, a single-ended
signal, or any type of signal that is representative of a cause
of nonlinearity of the first nonlinear capacitance CN.

The capacitance compensation control circuit 708 pro-
vides a first compensation control signal SC1 to the first
nonlinear capacitance compensation circuit 706. As such, in
one embodiment of the electronics apparatus 700, the first
electronic device 702 has the first nonlinear capacitance CN
and is coupled to the first nonlinear capacitance compensa-
tion circuit 706. The first nonlinear capacitance compensa-
tion circuit 706 has the first compensation capacitance CC
and receives the first compensation control signal SC1. The
capacitance compensation control circuit 708 adjusts the
first compensation capacitance CC using the first compen-
sation control signal SC1 to at least partially linearize the
first nonlinear capacitance CN. In one embodiment of the
capacitance compensation control circuit 708, the capaci-
tance compensation control circuit 708 adjusts the first
compensation capacitance CC using the first compensation
control signal SC1 to substantially linearize the first non-
linear capacitance CN.

The first sensor 710 provides a first sensor signal SN1 to
the capacitance compensation control circuit 708. The first
replica circuit 712 provides a first replica signal SR1 to the
capacitance compensation control circuit 708. The capaci-
tance compensation control circuit 708 receives system
information SIN from one or more other sources (not
shown). In this regard, any or all of the first sensor signal
SN1, the first replica signal SR1, and the system information
SIN may provide at least a first system factor to the
capacitance compensation control circuit 708.

In this regard, in one embodiment of the electronics
apparatus 700 at least the first system factor, the first status
signal SS1, or both are representative of a cause of nonlin-
earity of the first nonlinear capacitance CN. Therefore, in
general, the capacitance compensation control circuit 708
adjusts the first compensation capacitance CC using the first
compensation control signal SC1 to at least partially linear-
ize the first nonlinear capacitance CN based on at least the
first system factor, the first status signal SS1, or both.

In one embodiment of the electronics apparatus 700, the
first sensor 710 is used to sense at least one parameter in the
electronics apparatus 700 that is representative of one or
more system factors, which may include the first system
factor. As such, in one embodiment of the first sensor 710,
the first system factor is based on the first sensor 710. The
first replica circuit 712 is used to replicate at least one circuit
in the electronics apparatus 700 that is representative of one
or more system factors, which may include the first system
factor. In one embodiment of the first replica circuit 712, the
first system factor is based on the first replica circuit 712.

In one embodiment of at least the first system factor, at
least the first system factor includes temperature of the
electronics apparatus 700, manufacturing process related
variations of the electronics apparatus 700, one or more
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nonlinear parasitic element of the electronics apparatus 700,
one or more nonlinear substrate element of the electronics
apparatus 700, one or more power supply voltage of the
electronics apparatus 700, one or more power supply current
of the electronics apparatus 700, one or more signal ampli-
tude of the electronics apparatus 700, one or more signal
frequency of the electronics apparatus 700, operating fre-
quency band of the electronics apparatus 700, operating
communications standard, modulation technique of the elec-
tronics apparatus 700, the like, or any combination thereof.

In alternate embodiments of the electronics apparatus
700, either the first sensor 710, the first replica circuit 712,
or both are omitted. In alternate embodiments of the elec-
tronics apparatus 700, any or all of the first status signal SS1,
the first replica signal SR1, the system information SIN, and
the first sensor signal SN1 are omitted.

FIG. 52 shows the electronics apparatus 700 according to
an alternate embodiment of the electronics apparatus 700.
The electronics apparatus 700 illustrated in FIG. 52 is
similar to the electronics apparatus 700 illustrated in FIG.
51, except in the electronics apparatus 700 illustrated in FIG.
52, the first electronic device 702 is coupled to the first
nonlinear capacitance compensation circuit 706 using a
single-ended coupling instead of a differential coupling, and
the first status signal SS1 is taken from the coupling between
the first electronic device 702 to the first nonlinear capaci-
tance compensation circuit 706 that is inside the nonlinear
capacitance compensation circuitry 704. Additionally, the
first electronic device 702 receives an input signal VIN.

FIGS. 53A, 53B, and 53C are graphs illustrated relation-
ships between the input signal VIN and a linear capacitance
CL, the input signal VIN and the first nonlinear capacitance
CN, and the input signal VIN and the first compensation
capacitance CC, respectively. From FIG. 53A, as the input
signal VIN varies above and below a bias point 714, the
linear capacitance CL varies in a linear manner. Even though
the linear capacitance CL is not constant as the input signal
VIN varies, since the capacitance variation is linear, many
circuits will have well-behaved performance. For example,
effects caused by voltages above the bias point 714 will
largely be cancelled by effects caused below the bias point
714.

However, in FIG. 53B, as the input signal VIN varies
above and below the bias point 714, the first nonlinear
capacitance CN varies in a nonlinear manner. As such,
effects caused by voltages above the bias point 714 will not
be cancelled by effects caused below the bias point 714. As
such, this nonlinearity may cause problems in certain cir-
cuits.

In FIG. 53C, as the input signal VIN varies above and
below the bias point 714, the first compensation capacitance
CC also varies in a nonlinear manner. However, the first
nonlinear capacitance CN in FIG. 53B curves upward at
high magnitudes of the input signal VIN, whereas the first
compensation capacitance CC in FIG. 53C curves down-
ward at high magnitudes of the input signal VIN.

Therefore, by using the first compensation capacitance
CC to at least partially linearize the first nonlinear capaci-
tance CN, a combination of the first nonlinear capacitance
CN and the first compensation capacitance CC produces a
net response that is closer to the response of the linear
capacitance CL.

The response of the first nonlinear capacitance CN is only
nonlinear in the area at the right of FIG. 53B. In general, the
first nonlinear capacitance CN may be linear in some areas
and nonlinear in others. Therefore, in one embodiment of the
capacitance compensation control circuit 708 (FIG. 1), the
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capacitance compensation control circuit 708 (FIG. 1)
adjusts the first compensation capacitance CC based on a
piece-wise function.

FIG. 54 shows the electronics apparatus 700 according to
one embodiment of the electronics apparatus 700. The
electronics apparatus 700 illustrated in FIG. 54 includes the
nonlinear capacitance compensation circuitry 704 and the
first electronic device 702, which is an RF amplifier 716.
The RF amplifier 716 receives and amplifies an input signal
VIN to provide an output signal VOUT. The nonlinear
capacitance compensation circuitry 704 is coupled to an
output from the RF amplifier 716. The RF amplifier 716 has
an amplifier output capacitance CNA, which is presented to
the output from the RF amplifier 716. As such, the first
nonlinear capacitance CN is the amplifier output capacitance
CNA.

In one embodiment of the RF amplifier 716, the RF
amplifier 716 is a power amplifier. In one embodiment of the
RF amplifier 716, the RF amplifier 716 is a low noise
amplifier. In one embodiment of the RF amplifier 716, the
RF amplifier 716 is a complementary metal-oxide-semicon-
ductor (CMOS) amplifier. In one embodiment of the RF
amplifier 716, the RF amplifier 716 is a silicon-on-insulator
(SOI) amplifier.

FIG. 55A shows the electronics apparatus 700 according
to an alternate embodiment of the electronics apparatus 700.
The electronics apparatus 700 illustrated in FIG. 55A
includes the nonlinear capacitance compensation circuitry
704 and the first electronic device 702, which is an RF filter
718. The RF filter 718 receives and filters an input signal
VIN to provide an output signal VOUT. The nonlinear
capacitance compensation circuitry 704 is coupled to the RF
filter 718. The RF filter 718 has an RF filter capacitance
CNF. As such, the first nonlinear capacitance CN is the RF
filter capacitance CNF.

FIG. 55B shows the electronics apparatus 700 according
to an additional embodiment of the electronics apparatus
700. The electronics apparatus 700 illustrated in FIG. 55B
includes the nonlinear capacitance compensation circuitry
704 and the first electronic device 702, which is an RF
oscillator 720. The RF oscillator 720 provides an output
signal VOUT. The nonlinear capacitance compensation cir-
cuitry 704 is coupled to the RF oscillator 720. The RF
oscillator 720 has an RF oscillator capacitance CNO. As
such, the first nonlinear capacitance CN is the RF oscillator
capacitance CNO.

In one embodiment of the electronics apparatus 700, the
capacitance compensation control circuit 708 adjusts the
first compensation capacitance CC (FIG. 2) to reduce fre-
quency error in the RF oscillator 720 using the first com-
pensation control signal SC1 (FIG. 2). In one embodiment of
the electronics apparatus 700, the capacitance compensation
control circuit 708 adjusts the first compensation capaci-
tance CC (FIG. 2) to reduce phase noise in the RF oscillator
720 using the first compensation control signal SC1 (FIG.
2).

FIG. 56 shows the electronics apparatus 700 according to
one embodiment of the electronics apparatus 700. The
electronics apparatus 700 illustrated in FIG. 56 includes the
nonlinear capacitance compensation circuitry 704 and the
first electronic device 702, which is a first RF switch 722.
The nonlinear capacitance compensation circuitry 704 is
coupled across the first RF switch 722. When the first RF
switch 722 is in an OFF state, as shown in FIG. 56, the first
RF switch 722 has an OFF state capacitance CFS, which is
presented across the first RF switch 722. As such, the first
nonlinear capacitance CN is the OFF state capacitance CFS.
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FIG. 57 shows the electronics apparatus 700 according to
an alternate embodiment of the electronics apparatus 700.
The electronics apparatus 700 illustrated in FIG. 57 includes
the nonlinear capacitance compensation circuitry 704 and
the first electronic device 702, which is the first RF switch
722. The nonlinear capacitance compensation circuitry 704
is coupled across the first RF switch 722. When the first RF
switch 722 is in an ON state, as shown in FIG. 57, the first
RF switch 722 has an ON state capacitance COS, which is
presented across the first RF switch 722. As such, the first
nonlinear capacitance CN is ON state capacitance COS.

FIG. 58 shows the electronics apparatus 700 according to
an additional embodiment of the electronics apparatus 700.
The electronics apparatus 700 illustrated in FIG. 58 is
similar to the electronics apparatus 700 illustrated in FIG.
56, except in the electronics apparatus 700 illustrated in FIG.
58, the electronics apparatus 700 further includes a first
capacitive element 724 coupled to the first RF switch 722.

FIG. 59 shows the electronics apparatus 700 according to
one embodiment of the electronics apparatus 700. The
electronics apparatus 700 illustrated in FIG. 59 is similar to
the electronics apparatus 700 illustrated in FIG. 56, except
in the electronics apparatus 700 illustrated in FIG. 59, the
first RF switch 722 is a MOS transistor element 726. The
MOS transistor element 726 has a drain 728, a source 730,
and a body 732. The MOS transistor element 726 has a
drain-to-source capacitance CDS between the drain 728 and
the source 730. As such, the first nonlinear capacitance CN
is the drain-to-source capacitance CDS. Therefore, the non-
linear capacitance compensation circuitry 704 is coupled
between the drain 728 and the source 730.

FIG. 60 shows the electronics apparatus 700 according to
an alternate embodiment of the electronics apparatus 700.
The electronics apparatus 700 illustrated in FIG. 60 is
similar to the electronics apparatus 700 illustrated in FIG.
51, except in the electronics apparatus 700 illustrated in FIG.
60, the first sensor 710, the first replica circuit 712, the
system information SIN, and the first status signal SS1 are
not shown to simplify FIG. 60. Embodiments of the elec-
tronics apparatus 700 illustrated in FIG. 60 may include any
or all of the first sensor 710, the first replica circuit 712, the
system information SIN, and the first status signal SS1 even
though they are not shown.

The first electronic device 702 further has a second
nonlinear capacitance CN2. The first nonlinear capacitance
compensation circuit 706 further has a second compensation
capacitance CC2. The first electronic device 702 is further
coupled to the first nonlinear capacitance compensation
circuit 706 as shown. The capacitance compensation control
circuit 708 further provides a second compensation control
signal SC2 to the first nonlinear capacitance compensation
circuit 706. As such, the capacitance compensation control
circuit 708 adjusts the second compensation capacitance
CC2 using the second compensation control signal SC2 to at
least partially linearize the second nonlinear capacitance
CN2. In one embodiment of the capacitance compensation
control circuit 708, the capacitance compensation control
circuit 708 adjusts the second compensation capacitance
CC2 using the second compensation control signal SC2 to
substantially linearize the second nonlinear capacitance
CN2.

FIG. 61 shows the electronics apparatus 700 according to
an additional embodiment of the electronics apparatus 700.
The electronics apparatus 700 illustrated in FIG. 61 is
similar to the electronics apparatus 700 illustrated in FIG.
59, except in the electronics apparatus 700 illustrated in FIG.
61, the nonlinear capacitance compensation circuitry 704 is
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similar to the nonlinear capacitance compensation circuitry
704 illustrated in FIG. 60. In this regard, the MOS transistor
element 726 has a drain-to-body capacitance CDB between
the drain 728 and the body 732. The MOS transistor element
726 further has a source-to-body capacitance CSB between
the source 730 and the body 732. As such, the first nonlinear
capacitance CN is the drain-to-body capacitance CDB and
the second nonlinear capacitance CN2 is the source-to-body
capacitance CSB.

FIG. 62 shows the electronics apparatus 700 according to
another embodiment of the electronics apparatus 700. The
electronics apparatus 700 illustrated in FIG. 62 is similar to
the electronics apparatus 700 illustrated in FIG. 60, except
in the electronics apparatus 700 illustrated in FIG. 62, the
capacitance compensation control circuit 708 is replaced
with a bias circuit 734. As such, the bias circuit 734 provides
a first bias signal SB1 and a second bias signal SB2 to the
first nonlinear capacitance compensation circuit 706 to
replace the first compensation control signal SC1 and the
second compensation control signal SC2, respectively.

In this regard, the first nonlinear capacitance compensa-
tion circuit 706 adjusts the first compensation capacitance
CC and the second compensation capacitance CC2 based on
the the first bias signal SB1 and the second bias signal SB2,
respectively, to at least partially linearize the first nonlinear
capacitance CN and the second nonlinear capacitance CN2,
respectively. Additionally, the bias circuit 734 provides the
first bias signal SB1 and the second bias signal SB2 to the
first electronic device 702 to provide biasing of the first
electronic device 702. In an additional embodiment of the
electronics apparatus 700, the second bias signal SB2, the
second nonlinear capacitance CN2, and the second compen-
sation capacitance CC2 are omitted.

FIG. 63 shows the electronics apparatus 700 according to
a further embodiment of the electronics apparatus 700. The
electronics apparatus 700 illustrated in FIG. 63 is similar to
the electronics apparatus 700 illustrated in FIG. 61, except
in the electronics apparatus 700 illustrated in FIG. 63, the
capacitance compensation control circuit 708 is replaced
with the bias circuit 734. As such, the bias circuit 734
provides a bias between the drain 728 and the body 732 of
the MOS transistor element 726 via the first bias signal SB1
(FIG. 62) and further provides a bias between the source 730
and the body 732 via the second bias signal SB2 (FIG. 62).

FIG. 64 shows the first nonlinear capacitance compensa-
tion circuit 706 illustrated in FIG. 52 according to one
embodiment of the first nonlinear capacitance compensation
circuit 706. The first nonlinear capacitance compensation
circuit 706 includes a varactor diode 736, a varactor bias
circuit 738, and a bias isolation capacitive element 740. The
varactor diode 736 has the first compensation capacitance
CC. The varactor diode 736 is coupled to the first electronic
device 702 (FIG. 52) via the bias isolation capacitive ele-
ment 740. The varactor bias circuit 738 provides a varactor
diode bias signal to the varactor diode 736 to adjust the first
compensation capacitance CC. The bias isolation capacitive
element 740 substantially isolates the varactor diode bias
signal from the first electronic device 702 (FIG. 52). In one
embodiment of the varactor diode 736, the varactor diode
736 is a MOS varactor. In an alternate embodiment of the
varactor diode 736, the varactor diode 736 is a junction
diode varactor.

FIG. 65 shows the electronics apparatus 700 according to
one embodiment of the electronics apparatus 700. The
electronics apparatus 700 illustrated in FIG. 65 is similar to
the electronics apparatus 700 illustrated in FIG. 51, except
in the electronics apparatus 700 illustrated in FIG. 65 the
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first electronic device 702 (FIG. 1) is not shown and the
electronics apparatus 700 further includes a group 742 of
electronic devices, a first connection node 744, and a second
connection node 746.

The group 742 of electronic devices is coupled in series
between the first connection node 744 and the second
connection node 746. The group 742 of electronic devices
includes the first electronic device 702 (FIG. 1). The first
nonlinear capacitance compensation circuit 706 is coupled
between the first connection node 744 and the second
connection node 746. Each of the group 742 of electronic
devices has a corresponding one of a group of nonlinear
capacitances. The capacitance compensation control circuit
708 adjusts the first compensation capacitance CC (FIG. 1)
to at least partially linearize at least one of the group of
nonlinear capacitances.

FIG. 66 shows the electronics apparatus 700 according to
an alternate embodiment of the electronics apparatus 700.
The electronics apparatus 700 illustrated in FIG. 66 is
similar to the electronics apparatus 700 illustrated in FIG.
65, except in the electronics apparatus 700 illustrated in FIG.
66, the first nonlinear capacitance compensation circuit 706
is replaced with a group 748 of nonlinear capacitance
compensation circuits, which are coupled in series between
the first connection node 744 and the second connection
node 746. As such, each of the group 748 of nonlinear
capacitance compensation circuits is coupled to a corre-
sponding one of the group 742 of electronic devices.

The group 742 of electronic devices includes the first
electronic device 702 (FIG. 1). Each of the group 742 of
electronic devices has a corresponding one of a group of
nonlinear capacitances. The group 748 of nonlinear capaci-
tance compensation circuits includes the first nonlinear
capacitance compensation circuit 706. Each of the group
748 of nonlinear capacitance compensation circuits has a
corresponding one of a group of compensation capacitances.
The capacitance compensation control circuit 708 adjusts at
least two of the group of compensation capacitances to at
least partially linearize at least two of the group of nonlinear
capacitances.

FIG. 67 shows the electronics apparatus 700 according to
an additional embodiment of the electronics apparatus 700.
The electronics apparatus 700 illustrated in FIG. 67 is
similar to the electronics apparatus 700 illustrated in FIG.
66, except in the electronics apparatus 700 illustrated in FIG.
67, the nonlinear capacitance compensation circuitry 704
further includes a fine nonlinear capacitance compensation
circuit 750 coupled between the first connection node 744
and the second connection node 746. The capacitance com-
pensation control circuit 708 (FIG. 66) is not shown to
simplify FIG. 67.

In this regard, the group of compensation capacitances are
coarse compensation capacitances. The fine nonlinear
capacitance compensation circuit 750 has a fine compensa-
tion capacitance. The capacitance compensation control
circuit 708 (FIG. 66) adjusts the fine compensation capaci-
tance to further partially linearize at least a portion of the
group of nonlinear capacitances.

FIG. 68 shows the electronics apparatus 700 according to
another embodiment of the electronics apparatus 700. The
electronics apparatus 700 illustrated in FIG. 68 is similar to
the electronics apparatus 700 illustrated in FIG. 67, except
in the electronics apparatus 700 illustrated in FIG. 68, the
group 742 of electronic devices includes a group 752 of
sub-switches coupled between the first connection node 744
and the second connection node 746.
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FIG. 69 shows the electronics apparatus 700 according to
a further embodiment of the electronics apparatus 700. The
electronics apparatus 700 illustrated in FIG. 69 is similar to
the electronics apparatus 700 illustrated in FIG. 67, except
in the electronics apparatus 700 illustrated in FIG. 69, the
group 742 of electronic devices includes a group 754 of
amplifier stages coupled between the first connection node
744 and the second connection node 746.

FIG. 70 shows the electronics apparatus 700 according to
one embodiment of the electronics apparatus 700. The
electronics apparatus 700 illustrated in FIG. 70 is similar to
the electronics apparatus 700 illustrated in FIG. 63, except
the electronics apparatus 700 illustrated in FIG. 70 further
includes a transistor bias circuit 756, which biases the MOS
transistor element 726 shown in FIG. 70 instead of the MOS
transistor element 726 being biased by the bias circuit 734.

FIGS. 71A, 71B, 71C, and 71D are graphs illustrating
linearity responses of the first nonlinear capacitance CN, the
first compensation capacitance CC, a first elementary
response E1 of the first nonlinear capacitance compensation
circuit 706, and a second elementary response E2 of the first
nonlinear capacitance compensation circuit 706, respec-
tively, shown in FIG. 51.

The linearity response of the first compensation capaci-
tance CC is the response required to at least partially
linearize the response of the first nonlinear capacitance CN.
However, the response of the first compensation capacitance
CC may be too complex to be provided by a single correc-
tive element. Therefore, in one embodiment of the first
nonlinear capacitance compensation circuit 706, two or
more elementary responses may need to be combined to
provide the required response for the first compensation
capacitance CC. In this regard, the first elementary response
E1 and the second elementary response E2 may be com-
bined to provide the response of the first compensation
capacitance CC. As such, the capacitance compensation
control circuit 708 (FIG. 1) adjusts the first compensation
capacitance CC based on a piece-wise function.

Those skilled in the art will recognize improvements and
modifications to the preferred embodiments of the present
disclosure. All such improvements and modifications are
considered within the scope of the concepts disclosed herein
and the claims that follow.

What is claimed is:

1. An apparatus comprising:

a first electronic device having a first nonlinear capaci-
tance and coupled to a first nonlinear capacitance
compensation circuit;

a first replica circuit;

the first nonlinear capacitance compensation circuit hav-
ing a first compensation capacitance and configured to
receive a first compensation control signal; and

a capacitance compensation control circuit configured to
adjust the first compensation capacitance based on the
first replica circuit using the first compensation control
signal to at least partially linearize the first nonlinear
capacitance.

2. The apparatus of claim 1 wherein the first electronic
device is an RF amplifier and the first nonlinear capacitance
is an amplifier output capacitance of the RF amplifier.

3. The apparatus of claim 2 wherein the RF amplifier is a
power amplifier.

4. The apparatus of claim 2 wherein the RF amplifier is a
low noise amplifier.

5. The apparatus of claim 2 wherein the RF amplifier is a
complementary metal-oxide-semiconductor (CMOS) ampli-
fier.
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6. The apparatus of claim 2 wherein the RF amplifier is a
silicon-on-insulator (SOI) amplifier.

7. The apparatus of claim 1 wherein the first electronic
device further has a second nonlinear capacitance, the first
nonlinear capacitance compensation circuit further has a
second compensation capacitance and is further configured
to receive a second compensation control signal, and the
capacitance compensation control circuit is further config-
ured to adjust the second compensation capacitance using
the second compensation control signal to at least partially
linearize the second nonlinear capacitance.

8. The apparatus of claim 7 wherein the first electronic
device is a first RF switch, which is a MOS transistor
element comprising a drain, a source, and a body, such that
the first nonlinear capacitance is a drain-to-body capacitance
and the second nonlinear capacitance is a source-to-body
capacitance.

9. The apparatus of claim 1 further comprising a first
capacitive element wherein the first electronic device is a
first RF switch, which is coupled to the first capacitive
element.

10. The apparatus of claim 1 wherein the capacitance
compensation control circuit is further configured to adjust
the first compensation capacitance using the first compen-
sation control signal to substantially linearize the first non-
linear capacitance.

11. The apparatus of claim 1 wherein the first nonlinear
capacitance compensation circuit comprises a varactor diode
having the first compensation capacitance.

12. The apparatus of claim 11 wherein the capacitance
compensation control circuit is further configured to adjust
the first compensation capacitance via a varactor diode bias
signal, which is substantially isolated from the first elec-
tronic device.

13. The apparatus of claim 1 wherein the capacitance
compensation control circuit is further configured to adjust
the first compensation capacitance based on at least a first
system factor.

14. The apparatus of claim 1 wherein the capacitance
compensation control circuit is further configured to adjust
the first compensation capacitance based on a piece-wise
correction function.

15. An apparatus comprising a first nonlinear capacitance
compensation circuit, a capacitance compensation control
circuit, and a plurality of electronic devices coupled in series
between a first connection node and a second connection
node, wherein:

the plurality of electronic devices comprises a first elec-

tronic device, which has a first nonlinear capacitance
and is coupled to the first nonlinear capacitance com-
pensation circuit;

the first nonlinear capacitance compensation circuit has a

first compensation capacitance and is configured to
receive a first compensation control signal;

the capacitance compensation control circuit is configured

to adjust the first compensation capacitance using the
first compensation control signal to at least partially
linearize the first nonlinear capacitance;
each of the plurality of electronic devices has a corre-
sponding one of a plurality of nonlinear capacitances;

the first nonlinear capacitance compensation circuit is
coupled between the first connection node and the
second connection node; and

the capacitance compensation control circuit is further

configured to adjust the first compensation capacitance
to at least partially linearize at least one of the plurality
of nonlinear capacitances.
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16. The apparatus of claim 15 wherein:

the apparatus further comprises a plurality of nonlinear
capacitance compensation circuits coupled in series,
such that each of the plurality of electronic devices is
coupled to a corresponding one of the plurality of
nonlinear capacitance compensation circuits;

the plurality of nonlinear capacitance compensation cir-
cuits comprises the first nonlinear capacitance compen-
sation circuit;

each of the plurality of nonlinear capacitance compensa-
tion circuits has a corresponding one of a plurality of
compensation capacitances; and

the capacitance compensation control circuit is further
configured to adjust at least two of the plurality of
compensation capacitances to at least partially linearize
at least two of the plurality of nonlinear capacitances.

17. The apparatus of claim 16 further comprising a fine
nonlinear capacitance compensation circuit coupled
between the first connection node and the second connection
node, wherein:

the plurality of compensation capacitances are coarse
compensation capacitances;

the fine nonlinear capacitance compensation circuit has a
fine compensation capacitance; and

the capacitance compensation control circuit is further
configured to adjust the fine compensation capacitance
to further partially linearize at least a portion of the
plurality of nonlinear capacitances.

18. The apparatus of claim 16 wherein the plurality of
electronic devices comprises a plurality of amplifier stages
coupled in series between the first connection node and the
second connection node.

19. The apparatus of claim 16 wherein the plurality of
electronic devices comprises a plurality of sub-switches
coupled in series between the first connection node and the
second connection node.

20. An apparatus comprising:

a first electronic device having a first nonlinear capaci-
tance and coupled to a first nonlinear capacitance
compensation circuit;

a first replica circuit;

the first nonlinear capacitance compensation circuit hav-
ing a first compensation capacitance; and

a bias circuit configured to provide a first bias signal to the
first electronic device and further provide the first bias
signal to the first nonlinear capacitance compensation
circuit, which is configured to adjust the first compen-
sation capacitance based on the first bias signal and the
first replica circuit to at least partially linearize the first
nonlinear capacitance.

21. The apparatus of claim 20 wherein:

the first electronic device further has a second nonlinear
capacitance and is further coupled to the first nonlinear
capacitance compensation circuit;

the first nonlinear capacitance compensation circuit fur-
ther has a second compensation capacitance; and

the bias circuit is further configured to provide a second
bias signal to the first electronic device and further
provide the second bias signal to the first nonlinear
capacitance compensation circuit, which is configured
to adjust the second compensation capacitance based
on the second bias signal to at least partially linearize
the second nonlinear capacitance.
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